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Abstract 
In this work, a chemiresistor-type sensing platform based on aligned arrays of nitrogen-doped 
multi-walled carbon nanotubes (N-MWCNTs) was developed. Our N-MWCNT based sensors 
can be made on both rigid and flexible substrates; they are small, have low power consumption 
and are suitable for highly efficient and reliable detection of different biomolecules and gases, at 
room temperature. The performance of these sensors was demonstrated for avian influenza virus 
(AIV) subtype H5N1 DNA sequences and toxic gases NO and NH3 at low concentrations.  
In our study, chemical vapor deposition (CVD) method was applied to synthesize vertically 
aligned nitrogen doped carbon nanotube arrays on a large area (> 1 cm2) on Si/SiO2 substrate 
using Fe/Al2O3 layer as a catalyst and a mixture of ethanol and acetonitrile as a C/N source. 
Especially, the diameter, length, nitrogen-doping concentration and morphology of the nanotubes 
were controllably tailored by adjusting the thickness of catalyst film, reaction duration and 
temperature as well as the amount of nitrogen-containing precursor. 
For integrating N-MWCNTs into chemiresistor devices, we developed a direct contact printing 
method for a dry, controllable and uniform transferring and positioning of the CVD-grown 
vertical nanotubes onto well-defined areas of various rigid and flexible substrates. After 
horizontally aligned N-MWCNT arrays were formed on a target substrate, interdigitated metallic 
microelectrodes with an interspacing of 3 µm were deposited perpendicular to the nanotube 
alignment direction to fabricate chemiresistor devices for biomolecule and gas sensing. This way, 
well-aligned nanotubes were laid across the Au/Cr interdigitated electrode fingers, had a strong 
adhesion with the electrodes and served as conducting channels bridging the electrodes. 
The N-MWCNT based chemiresistor device was applied as a label-free DNA sensor for a highly 
sensitive and fast detection of AIV subtype H5N1 DNA sequences. For this, the nanotubes were 
functionalized with probe DNA, which was non-covalently attached to sidewalls of the N-
MWCNTs via π-π interaction. Such functionalized sensors were applied to quantitatively detect 
complementary DNA target with concentration ranging from 20 pM to 2 nM after 15 min 
incubation at room temperature. The sensors showed no response to non-complementary DNA 
target for concentrations up to 2 µM showing an excellent selectivity.  
Investigations on the efficient gas sensing of N-MWCNT-based chemiresistor of reducing/ 
oxidizing gases NH3 and NO were also reported in this work. The aim was to assess the 
possibility for N-MWCNTs to be applied as innovative sensing materials for room temperature 
gas sensing. N-MWCNTs with varying doping levels (N/C ratio of 5.6 to 9.3at%) were used as 
sensing materials and exposed to NH3 (1.5-1000 ppm) and NO (50-1000 ppm) for exploring and 
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comparing their sensing performance. This study offered an effective route for further 
modification of CNTs according to various sensing application. 
Finally, our investigations showed a high potential of the developed N-MWCNT-based sensing 
platform for various applications ranging from environmental monitoring to point-of-care 
medical diagnostics. 
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Kurzfassung 
Die vorliegende Arbeit zeigt die Entwicklung einer Chemiresistor-Sensorplattform, die auf 
einem Array von mehrwandigen, mit Stickstoff dotierten Kohlenstoff-Nanoröhrchen basiert 
(nitrogen-doped multi-walled carbon nanotubes, N-MWCNTs). Die Sensoren sind für eine 
hocheffiziente und zuverlässige Detektion von verschiedenen Biomolekülen und Gasen bei 
Raumtemperatur geeignet. Sie sind mikroskopisch klein, können sowohl auf starren als auch auf 
flexiblen Substratmaterialien aufgebracht werden und zeichnen sich durch geringen 
Energieverbrauch aus. Die Leistungsfähigkeit dieser Sensoren wurde durch Nachweis von DNA-
Sequenzen des Vogelgrippe-Virus Typ H5N1 und geringer Konzentrationen der 
gesundheitsschädlichen Gase Stickstoffmonooxid (NO) und Ammoniak (NH3) demonstriert. 
Bei unseren Untersuchungen wurde die Methode der chemischen Gasphasenabscheidung 
(chemical vapor deposition, CVD) verwendet, um eine Matrix aus vertikal angeordneten N-
MWCNTs auf großen Flächen (> 1 cm2) auf einem Si/SiO2-Substrat zu synthetisieren, wobei 
eine Fe/Al2O3-Oberflächenschicht als Katalysator und eine Mischung aus Ethanol und 
Acetonitril als Kohlenstoff- und Stickstoffquelle verwendet wurden. Speziell durch Einstellung 
der Schichtdicke des Katalysatorfilms, der Reaktionsdauer und der Temperatur sowie des 
Mengenanteils des stickstoffhaltigen Präkursors konnten Durchmesser, Länge, Stickstoff-
konzentration und Morphologie der Nanoröhrchen kontrolliert werden. 
Die Integration der Nanoröhrchen in Chemiresistor-Sensorelemente erfolgte durch ein direktes 
Kontaktprinting-Verfahren, das ein trockenes, kontrollierbares und einheitliches Auftragen von 
mittels CVD abgeschiedenen Kohlenstoff-Nanoröhrchen auf definierte Flächen der 
unterschiedlichen starren und elastischen Substratmaterialien ermöglicht. Nach der Bildung von 
horizontal angeordneten Reihen von Kohlenstoff-Nanoröhrchen auf einem Targetmaterial 
wurden interdigitale Metallelektroden mit einem Abstand von 3 µm senkrecht zu der 
Vorzugsrichtung der Kohlenstoff-Nanoröhrchen aufgedampft, um daraus die Chemiresistor-
Bauelemente zur sensorischen Erfassung von Biomolekülen und Gasen herzustellen. Auf diese 
Weise sorgt die starke Adhäsion zwischen den geordneten Nanoröhrchen und der 
fingerähnlichen Anordnung der interdigitalen Au/Cr-Elektroden für eine Brückenbildung der 
Leitungsbahnen zwischen den Elektroden. 
Die N-MWCNT-basierte Chemiresistor-Plattform wurde als markierungsfreier DNA-Sensor für 
eine hochsensitive und schnelle Detektion von DNA-Sequenzen des Vogelgrippe-Virus vom Typ 
H5N1 verwendet. Dafür wurden die Nanoröhrchen  mit DNA-Sonden funktionalisiert, die über 
eine nichtkovalente π-π-Wechselwirkung an den Seitenflanken der Nanoröhrchen anhaften. Die 
so funktionalisierten Sensoren konnten zur quantitativen Erfassung von komplementären DNA-
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Targets im Konzentrationsbereich zwischen 20 pM und 2 nM nach 15 min Inkubationszeit bei 
Raumtemperatur verwendet werden. Die Sensoren zeigten eine hohe Selektivität, für 
nichtkomplementäre DNA-Targets in Konzentrationen von bis zu 2 µM waren sie nicht sensitiv.  
Als weitere Anwendung eines N-MWCNT-basierten Chemiresistors werden Untersuchungen zur 
effizienten Gaserfassung der reduzierenden/oxidierenden Gase NH3 und NO vorgestellt. Ziel war 
es, die Einsatzmöglichkeit dieser Kohlenstoff-Nanoröhrchen als innovative Sensormaterialien für 
die Erfassung von Gasen bei Raumtemperatur zu beurteilen. Die N-MWCNT-Nanoröhrchen mit 
variierender Dotierungsstufe (N/C-Verhältnis zwischen 5.6 und 9.3 at%) wurden als 
Sensormaterial den Gaskonzentrationen von 1.5-1000 ppm NH3 und von 50-1000 ppm NO 
ausgesetzt, um damit die Sensorleistungen zu untersuchen und zu vergleichen. Diese Studie 
bietet einen effektiven Ansatz zur weiteren Modifikation von Kohlenstoff-Nanoröhrchen in 
Bezug auf verschiedene Anwendungsfelder in der Sensorik. 
Letztendlich zeigten unsere Untersuchungen das hohe Potenzial der hier entwickelten Sensor-
Plattform auf der Basis von N-MWCNT-Nanoröhrchen für verschiedene Anwendungen – von 
der Umweltüberwachung bis hin zur medizinischen Point-of-Care Diagnostik.   
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1. Introduction 
1.1. Background  
With industrialization and urbanization rapidly expanding over the centuries, a series of public 
health problems caused by environmental contamination and emerging infectious diseases have 
arisen and attracted growing concern in the worldwide. The number of hazardous substances 
continues to increase, which poses a great threat to human health, like toxic gases, hazardous 
chemicals, bacteria, viruses and so on. Therefore, the detection and analysis of these substances 
become increasingly important in many areas, including the monitoring of air quality, detecting 
chemicals or harmful organisms, diagnosing virus and cancer cells, etc. [1-3]  
Chemical sensor is a device that selectively detects specific chemical substance (analytes) from 
the environment and generates a measurable signal whose magnitude is functionally related to 
the analyte concentration [4, 5]. It plays an essential role in the fields of environmental 
protection and monitoring, disaster and disease prevention, as well as industrial analysis [6, 7]. 
Current technologies for toxic gases or disease virus detection are sensitive but still face many 
significant issues, like low stability, low selectivity, high analyst consumption, high energy 
consumption, large size of testing equipment as well as requiring trained lab professionals, etc. 
[8, 9] These serious issues make the current analysis to not fulﬁll the pubic imminent needs for 
fast, reliable, highly-sensitive, low-cost and user-friendly chemical sensors. 
Ever since carbon nanotubes (CNTs) have been discovered by Iijima in 1991 [10], key 
milestones for the development of nanosized chemical sensor have been reached [11]. Carbon 
nanotubes have been proven to be sensitive to the environment, for example, oxygen absorption 
from the surroundings drives CNT devices into a p-type conducting state [12, 13]. Carbon 
nanotubes have comparable size with many analytes, like gas molecules, DNA sequence, virus, 
etc. Only a few absorbed molecules are sufficient to change their electronic characteristics, so 
chemical sensors based on CNTs can detect an extremely low concentration of analytes. Besides, 
CNTs also process superior physical and electrical properties which make them become 
promising active materials for sensing, like tiny size leads to low energy consumption, high 
surface area to volume ratio results in high sensitivity, easy functionalization that allows for 
imbuing selectivity, good flexibility make them compatible with microfabrication techniques, 
and high thermal stability that allows them to be deployed in various environments [11]. 
In 1996, Britto [14] firstly applied CNTs as biosensors to detect the reversible oxidation of 
dopamine, then Dai and coworkers [15] demonstrated in 2000 that single-walled carbon 
nanotubes (SWCNTs) can be applied as a fast and sensitive gas sensor to NH3 and NO at 
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ambient temperatures. To date, integrating CNTs with conventional chemical sensors is 
becoming increasingly popular in recent studies [16-19]. CNTs have been demonstrated that are 
sensitive to many gas species such as hydrogen (H2) [20, 21], methane (CH4) [22], oxygen (O2) 
[12], carbon monoxide (CO) [23], etc. In addition, it has been found that many biomolecules 
such as proteins, enzymes, and DNA sequences, are easily adsorbed on to the nanotube sidewalls 
and can be attached directly to functional groups on the CNTs [24-26], which make CNTs a huge 
potential to be used in label-free, highly sensitive and selective chemical sensors for point-of-
care (PoCT) diagnostics [24].   
Although numerous scientific breakthroughs have been achieved, much research of CNT based 
chemical sensor still remains at a proof-of-concept and/or prototype stage [11]. Thanks to their 
small size and high aspect ratio, relatively strong van der Waals interaction between CNTs leads 
to agglomeration of CNTs in both powder and dispersion form. This makes individualization, 
processing, and integration of CNTs still quite challenging, thus greatly limits their sensing 
applications. Another big issue is that it is still difficult to predict whether a SWCNT is metallic 
or semiconducting in a raw mixture of as-synthesized SWCNTs. Difficulty in production or 
selection of pure semiconducting SWCNTs leads to very high price (1 mg of >99% pure 
semiconducting SWCNTs still costs 899 USD [27]), which greatly increases the cost of 
fabricated SWCNT based electronic devices, and thus limits their application. 
1.2. Motivation 
The main motivation for this work is the development of a series of small, stable, sensitive and 
low-cost CNT based chemical sensors fabricated in simple and controllable fabrication 
procedures, which could be applied to fast and reliably detect gas- and bio-molecules in the 
ambient temperature. More specifically, our study is facing boundaries between the controllable 
synthesis and functionalization of CNTs and the fabrication and integration of chemiresistive 
sensors implementing through CNTs. The goal is to link these components together for the 
purpose of gas sensing to NH3 and NO as well as biosensing to avian influenza virus (AIV).  
The prominent highlight of the study is a comprehensive picture of reliable CNT based chemical 
sensors from initial syntheses, fabrication to final detection was provided in detail, the entire 
content including controllable materials synthesis, well-defined nanostructure transfer and 
alignment, stable and standard nanodevice integration and fabrication process, as well as the 
application for gas- and bio-molecule detection. We aim to accurately control each step and 
make the whole process reliable, efficient, stable, low-cost, low power consumption and simple 
for fabrication. 
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As widely known, a number of nanostructures such as metal oxides, graphene, Si nanowire and 
conductive polymer have been reported in literature holding the potential as active materials in 
chemical sensors. Semiconducting metal oxides have been reported presenting high sensitivity to 
environmentally hazardous gases (e.g., WO3 nanostructures are promising candidates for NO2 
sensing and gold-loaded SnO2 sensors are very sensitive for NO and N2O sensing) [28]. 
However, these sensors often operate at high temperatures (200-600 ºC) to achieve enhanced 
chemical reactivity between the sensor materials and the gas molecules [29, 30], leading to high 
energy consumption and the requirement of complicated or expensive fabrication techniques. On 
the other hand, silicon nanowires show promising performance to DNA resulting from their high 
surface-to-volume ratio, but smaller nanostructures like CNTs with virtually all atoms on their 
surface provide additional advantages in DNA detection [31]. According to Yaqoob et al. [32], 
reduced graphene oxide has more active sights for the absorption of molecules in comparison to 
multi-walled CNTs (MWCNTs), while MWCNTs possess excellent mechanical flexibility and 
superior electrical properties. In addition, Jiménez-Cadena [33] pointed out that organic 
polymers are cheap and very sensitive to several analytes, but lack of selectivity and stability 
regarding time and temperature. Compared with other active nanostructures, CNT sensors 
usually offer advantages in terms of a smaller size, lower energy consumption, the capability of 
room-temperature operation, faster response and higher sensitivity [11, 24, 34-36]. 
MWCNTs and SWCNTs have similar properties. Compared with single-walled carbon nanotube, 
multi-walled carbon nanotube process inferior sensing performance because of its multilayer 
structure, that outer walls shield the inner nanotubes from chemical interactions [37]. 
Nonetheless, bulk synthesis of pure and well-aligned SWCNTs is quite difficult as it requires 
precise control over growth and atmospheric condition. Additionally, unknown proportional 
distribution of semiconducting and metallic nanotubes in the as-synthesized mixture also makes 
the sensing performance of devices lack stability, reliability, and repeatability. Compared with 
SWCNTs, MWCNTs exhibit these advantages, such as lower cost, ease of bulk synthesis, higher 
purity, higher tensile strength properties, enhanced thermal and chemical stability [37]. Therefore, 
multi-walled carbon nanotubes were selected as active materials in this study to simplify the 
whole synthesis and reduce the fabrication cost.  
To improve the sensing performance of MWCNTs, nitrogen functionalization was applied, 
which have been proved to feasibly introduce active chemical sites as well as tailor the electronic 
properties of CNTs (see detailed description in section 1.3.3.2). Especially, well-aligned N doped 
MWCNTs (N-MWCNTs) with a controllable N-doping concentration could easily be 
synthesized via chemical vapor deposition (CVD) method. Due to this controllable synthesis, N-
MWCNTs have a similar size distribution, similar electronic properties as well as active 
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chemical sites and can be considered as reliable materials for sensing devices, which is too hard 
to be achieved for SWCNTs.  
1.3. Fundamentals of carbon nanotubes 
Carbon element has six electrons, which occupy    ,      and     orbitals respectively. Four of 
those are valence electrons in   ,    ,     and     atom orbitals, which are capable of forming 
chemical bonds. When a carbon atom bonds with three neighboring carbon atoms, one s-orbital 
   combines with two p-orbitals     and     and form a set of planar     orbitals with a 
characteristic angle of 120º, known as     hybridization (see Fig. 1.1).  
0-dimensional (0D) fullerenes, 1-dimensional (1D) carbon nanotubes, 2-dimensional (2D) 
graphene, and 3-dimensional 3(D) graphite are all belonged to     allotropes of carbon. 
Generally, 2D graphene in a hexagonal honeycomb structure is considered as a basic building 
block of other carbon allotropes, as shown in fig 1.2(a), which is available to be wrapped to 
generate fullerenes, rolled up to form carbon nanotubes and stacked to produce graphite [38, 39]. 
 
 
Fig. 1.1:   The hybridization of an s-orbital (blue) and two p-orbitals (red) forms three planar     
hybridized orbitals (orange) with a characteristic angle of 120º presented by 
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Philschatz [40]. The remaining hybridized orbital     is parallel to the z axis, which 
is not shown here.  
 
In     hybridization,     orbitals aligned themselves to form the strong in-plane   bonds, 
leaving the additional     orbitals arranged perpendicular to the plane. Each carbon atom 
contributes one   electron, and one electron has spin-up or spin-down states. Therefore, out-of-
plane   orbitals overlap with neighboring carbon atoms, leading to the formation of the lower   
bands (valance bands) and the upper    bands (conduction bands). At absolute zero temperature, 
  bands are completely filled while    bands are empty. These half-filled π-bands permit free 
moving electrons, which is responsible for the noticeable electrical conductivity of graphene. 
Based on a tight-binding model, the energy dispersion relation of graphene can be expressed 
with the wave vectors (  ,   ) [41]: 
            (      (
√    
 
)    (
   
 
)       (
   
 
))
   
                                         (1.1)                   
Where “ ” applies to   - and  -bands;   is responsible to the transfer integer between the 
nearest-neighbor   orbitals;    and     provide the wave vector  , and   is the length of the unit 
cell vector. This energy dispersion is illustrated in Fig. 1.2(b), that the upper band    and the 
lower band   obey a linear dependence of energy on wave vector and meet at the Dirac points K 
[42]. At the Dirac points, the density of electron states (DOS) of graphene at the Fermi energy 
(  ) is zero, thus explains graphene is a zero-bandgap semiconductor. 
 
 
Fig. 1.2:  (a) Mother of all graphitic forms presented by Geim [39], that graphene is a 2D 
building structure for carbon materials of all other dimensionalities, which can be 
1. Introduction 
- 6 - 
 
wrapped up into 0D Bucky balls, rolled into 1D nanotubes or stacked into 3D 
graphite. (b) Electronic dispersion of graphene in the honeycomb lattice presented by 
Neto [43], right: zoom in of the energy bands close to one of the Dirac points. 
 
CNTs were firstly reported and characterized by Iijima in 1991 [10]. As a 1D allotrope of carbon, 
a carbon nanotube can be described as a graphene rolled into a hollow cylindrical tube, and its 
terminating caps are formed from pentagons and hexagons [10, 44, 45]. According to the number 
of rolled-up layers, carbon nanotubes can be divided into single-walled carbon nanotubes and 
multi-walled carbon nanotubes. SWCNTs have diameters typically between 0.43 and 2 nm [46, 
47]. MWCNTs are multiple tubes encircling one another with an inter-wall spacing of 0.34-0.36 
nm [45, 48, 49], which have diameters varying from 2 nm and up to more than 50 nm depending 
on wall numbers [50-54]. CNTs present extremely large length-to-diameter ratio, and their 
lengths can range from hundreds of nanometers to over 18.5 cm [55].  
The structure of an ideal infinite and straight single-walled carbon nanotube can be described by 
the chiral vector     [44, 56], depending on its rolling-up direction (shown in Fig. 1.2). The 
    can be given by: 
                                                                                                                                (1.2)    
where   and   are integers (  | |  | | ), and    and    are uncial cell vectors for the 
hexagonal lattice.           
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Fig 1.3:    (a) A graphene sheet with lattice vectors    and    presented by A. Maiti [56].   is the 
chiral angle for a       CNT; orange and purple lines are along the circumferences of 
armchair and zigzag tubes, respectively. (b) A       armchair tube. (c) A       
zigzag tube [56]. 
 
From the       indices, the chiral angle   can be directly determined, which is the degree 
between the vectors   and    (   | |     ) [57]. As shown in Fig. 1.3(a), the armchair and 
zigzag nanotubes correspond to chiral angles of       and     , respectively, and others are 
chiral nanotubes. From the       indices, some properties of SWCNTs can also be calculated, 
as shown in Table 1.1 [44, 58].  
 
Table 1.1: Parameters of carbon nanotubes [58]. 
Symbol Name Formula Value 
    Carbon-carbon bond length  
1.421 Å 
(graphite)* 
  Length of the unit cell vector   |  |  |  |     √  2.461 Å 
    Chiral vector                                                                             : integers  
  ,     Unit cell vector (
√ 
 
 
 
 
)   (
√ 
 
  
 
 
)   
  Circumference of the nanotube    √            
   Carbon nanotube diameter 
   
|   |
 
 
√    
 
√         
 
  Chiral angle 
      
√  
 √          
 
      
    
 √          
 
      
√  
    
 
   | |      
Note: for graphite               [49], but for CNTs, the C-C bonds are elongated slightly due 
to the curvature of the tube, which does not exceed 0.008 Å [44].  
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1.3.1. Electronic structure of carbon nanotubes 
Because ideal infinite SWCNTs can be considered as a rolled-up graphene sheet, the electronic 
structure can be described as a quantum phenomenon based on Brillouin zone of 2-dimensional 
graphene [58, 59]. Due to the periodic boundary conditions in the circumferential, the wave 
vectors   along the rolling-up direction of nanotubes become quantized, while only a certain sets 
of the vectors along the tube axis is allowed (length of the tube   ). This defined the allowed 
modes along the direction of tube axis, which can be described as: 
        | |                                                                                                          (1.3) 
This can be indicated by the cutting lines in the Brillouin zone, which is depended on the 
nanotube’s diameter and chirality [42]. Fig. 1.4(b) presents three different configurations of the 
cutting lines in Brillouin zone, that the configurations           and  –           
corresponds to the cutting line crossing the   point resulting in metallic behavior; while the 
others        correspond to the   point being located between two adjacent cutting lines, 
leading to semiconducting behavior [42]. Based on equation 1.2 and 1.3, band gap    of both a 
metallic or a semiconducting single-walled nanotube can be described by [59, 60]. 
    ,  for   –       ,  | |                                                                                 (1.4(a)) 
   
     
  
,  for       ,  | |                                                                             (1.4(b))                                                                                                        
According to equation 1.4, 2/3 of the single-walled nanotubes correspond to semiconducting 
nanotubes and 1/3 to metallic nanotubes; the band gap of semi-conducting carbon nanotubes (sc-
SWCNTs) depends on the nanotube’s diameter [59, 61, 62]. According to experimental results 
reported by Collins et al. [63], SWCNTs with diameters of 1.0, 1.4, and 2.0 nm present 
electronic band gaps of approximately 0.85, 0.60, and, 0.43 eV, respectively. The corresponding 
density of electronic states for the      ,      , and       tubes are shown in Fig. 1.4(c), that a 
sc-SWCNT has a density state of zero at Fermi level whereas a metallic SWCNTs has a finite 
DOS. As shown in Fig. 1.4(c),       tube also has a tiny gap attribute to its curvature effects, but 
which displays a metallic behavior at room temperature [59]. The existence of both 
semiconducting and metallic SWCNTs was also experimentally confirmed by Odom [64] and 
Wildöer [65] using scanning tunneling microscopy (STM) to characterize electronic density of 
state of SWCNTs. Because a single metallic layer of nanotubes results in the entire nanotube 
displaying metallic behavior, most multiwalled carbon nanotubes display a metallic behavior 
[53]. 
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Fig. 1.4:   (a) Tight-binding electronic band structure of graphene showing that the  , , and   
high symmetry points [59]. (b) Cutting lines of the      ,      , and       tubes 
(solid) mapped onto Brillouin zone [59]. (c) The DOS vs. energy   for      ,      , 
and       nanotubes showing the effect of chirality on the band gap:       armchair 
and       display a metallic behavior, while       tube is a semiconductor [59, 66]. 
 
Although electronic structures of carbon nanotubes are based on a graphene model, they still 
have slight deviations attribute to the curvature effects of nanotubes [13]. For instance, C-C 
bonds become slightly polarized after rolling-up into nanotubes, circumferential bonds elongate 
while axially oriented bonds shorten, leading to probable effects on nanotubes’ conduction path 
[13].  
1.3.2. Properties of carbon nanotubes 
As known to all, CNTs exhibit remarkable electronic, mechanical, thermal and chemical 
properties, which have attracted numerous attention due to their potential applications in many 
different areas, such as mechanical reinforcement in polymer composites [67], as active elements 
in nanosized field effect transistor (FET) [68], and as sensitive materials in chemical sensors [69-
71] . 
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1.3.2.1. Electrical properties 
Due to 1 dimension of SWCNTs, the conduction of a nanotube along the circumferential 
direction is quantized, which can be considered as charge carriers transmitting through a 1-
dimensional conduction channel. The conduction mechanism of nanotubes depends on the 
nanotube’s width ( ) and length ( ). The mean free path (  ) is applied to describes the 
average distance over which the initial momentum of an electron is destroyed, and phase 
relaxation length (  ) is the length over which an electron changes most of its original phase 
[72]. For a nanotube, if     and     , the nanotube displays a diffusive conduction; if  
     and     , the nanotube present a quasi-ballistic behavior; and if     and     , 
the nanotube is a ballistic conductor. Hertel et al. [73] studied electron-phonon interaction in 
SWCNTs at room temperature using femtosecond time-resolved photoemission measurements, 
and the result showed that the    in metallic SWCNTs is of the order of several micrometers. 
This length is well above the typical conducting channel lengths of SWCNT-based devices with 
a sub-micron range. Thus, CNTs can be regarded as excellent electronic conductors for low-
power consumption electronics [13].  
Due to multilayers, the electronic properties of MWCNTs are not as easy to control as those of 
SWCNTs [13], but which also have a potential for applying as ballistic conductors. According to 
Poncharal et al. [74], multiwalled carbon nanotubes also show ballistic conductivity at room 
temperature with the length of    in tens of microns range. But Sanvito [75] reported that the 
ballistic conduction properties of each SWCNT shell in a MWCNT may be destroyed, because 
an electron wave propagating along a SWCNT shell has a certain probability to be scattered into 
a neighboring shell. Therefore,    of MWCNTs is considerably shorter than that of SWCNTs at 
room temperature, resulting in a weaker 1D character of MWCNTs [13]. 
1.3.2.2. Mechanical properties 
Because of the strong     covalent bonds between carbon atoms, CNTs have a simple chemical 
composition and bonding configuration but exhibit extraordinary mechanical properties [44, 45, 
76]. The highest measured strength of a carbon nanotube is up to 63 GPa, which reaches an order 
of magnitude stronger than that of high strength carbon fibers [77]. In 1997, Lu [78] predicted 
Young's modulus of nanotubes, which is four times larger than that of the diamond. Overney et 
al. [32] calculated Young’s modulus of short SWCNT using ab initio local density calculations, 
which was of 1500 GPa [79]. According to Zhang [76], Young’s modulus of a nanotube can 
reach to 1.2 TPa. 
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1.3.2.3. Thermal properties 
Due to strong     covalent bindings, long range crystallinity, long phonon mean free path, and 
large speed of sound, CNTs also exhibit prominent thermal properties along the tube axis [80]. 
According to Hone [81], the thermal properties of carbon nanotubes are dominated by phonons, 
not like other materials, the thermal conductivity of which are determined by the phonons and 
the electrons. Berber et al. [13] have calculated the phonon thermal conductivity of isolated 
nanotubes, the highest theoretical phonon thermal conductivity of an individual SWCNT can 
reach up to 37,000 W/mK, which is close to that of pure diamond, the highest thermal 
conductivity (41,000 W/mK) ever measured at 104 K [81]. Even at ambient temperature, the 
theoretical thermal conductivity for an isolated nanotube still can reach up to 6600 W/mK, 
exceeding the reported room-temperature thermal conductivity of pure diamond [81].   
1.3.3. Doping of CNTs 
CNTs exhibit specific chemical and physical properties; however, CNTs are not soluble and 
agglomerate easily due to strong van der Waals interactions [82, 83]. Additionally, pristine CNTs 
exhibit almost chemically inert surface, covalent attachment of molecules to completely    -
bonded carbon atoms on nanotube surface has proven to be quiet difficult [45]. Therefore, 
surface treatment of CNTs is necessary in order to improve the interaction with their 
surroundings. Several approached are applied to increase the CNT reactivity: (i) the most 
common functionalization with strong acidic treatments introduce dangling bonds, diverse 
radicals and functional groups on the nanotubes’ sidewalls, but also damage the structure of 
CNTs in the meanwhile, leading to degradation of their electronic properties [84, 85]; (ii) other 
methods involve the doping of CNTs by introducing heteroatoms within the nanotube’s lattice, 
including B [86], N [85, 87], P [88, 89], Si [90], etc. Doping CNTs with heteroatoms generally 
can induce charge redistribution along the defective area, affect electronic properties and 
improve the surface reactivity of nanotubes [85, 88, 89, 91]. Among these heteroatoms, boron 
and nitrogen are the natural candidates because of their similar atomic sizes as that of carbon and 
of their electron acceptor and donor characters, respectively [92, 93]. 
1.3.3.1. Boron functionalized nanotubes  
Doping CNTs with boron (B) atoms can improve the electronic and conductive properties of 
CNTs. Deng [94] reported that B doped carbon nanotubes are advantageous for the 
determination of glucose oxidase with cyclic voltammetry, due to extra edge plane sites on the 
surface and more functionalized groups at the defect sites of nanotubes. Mukhopadhyay [95] 
inserted lithium (Li) ions into boron doped MWCNTs, which was applied to for lightweight and 
energy-efficient Li batteries; boron doped MWCNTs present a higher reversible capacity (180 
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mAh/g) than that of pristine nanotubes (156 mAh/g) in the first cycle with almost equal Coulomb 
efficiencies of 55-58%. 
1.3.3.2. Nitrogen functionalized nanotubes 
As a neighboring element of carbon in the periodic table, nitrogen has a comparable atomic size 
with carbon, but its electronegativity (3.04) is larger than that of C (2.55) [96]. Incorporation of 
N atoms into nanotube lattice has been proven to be a feasible strategy to tailor the electronic 
properties of CNTs [97-99]. Additionally, Sadek [20] and Chen [13] reported that nitrogen 
doping on a CNT surface is an efficient alternative method of acidic treatment in order to 
improve reactivity of nanotubes, because incorporated nitrogen atoms in CNTs can be seen as 
regular defects which introduce chemically active sites on CNT sidewalls as well as change the 
chemical behaviour of the nanotubes. 
 
 
Fig. 1.5:    Scheme illustration of types of nitrogen species that can be incorporated into graphitic 
carbon. 
 
A schematic representation of a nitrogen doped carbon nanotube is presented in Fig. 1.5. 
Nitrogen can be found in three bonding configurations: pyridinic N, pyrrolic N and graphitic N. 
Pyridinic and pyrrolic N atoms are located at edge or defect sites. Quaternary N atoms substitute 
carbon atoms within the graphitic structure, which have the same configuration as graphitic 
carbon atoms but introduce extra electrons in the delocalized π-system. Ghosh et al. [100] 
reported that the pyrrolic nitrogen and quaternary nitrogen give rise to additional sub-levels in 
the unoccupied states near the Fermi level, leading to a higher electrical conductivity of the 
individual N-CNTs. Because of nitrogen incorporation, N-CNTs are less stable, less graphitic 
and more disordered than the pristine nanotubes [101].  
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Recently, N-doped CNTs also show their potential applied as active materials in the area of 
chemical sensing. According to previous studies, doping N heteroatoms in CNT lattice can 
efficiently tune its Fermi level [102]. As mentioned above, the electrical behavior of SWCNTs is 
either metallic or semiconductor depending on their chirality. However, the behavior of 
MWCNTs is metallic if, at least, one sheet has a metallic chirality [103]. Therefore, most 
MWCNTs can be considered as metallic nanotubes.  
Fig. 1.6(a) presents a schematic view of the band structure of an ideal pristine metallic CNTs, 
that Fermi level    lies between the conduction and valence band (see Fig. 1.6(a)). However, 
carbon nanotubes are very sensitive to oxygen molecules in surrounding environment and exhibit 
p-type majority charge carriers under realistic conditions. Because of oxygen molecules 
adsorption and partial charge transfer from nanotubes to adsorbed oxygen molecules, Fermi level 
of nanotubes is shifted downwards into the valence band depending on the amount of adsorbates 
(see Fig. 1.6(b)). When doping CNTs with nitrogen atoms, the liberated electrons of N-CNTs 
will occupy empty states at the edge of the valence band of the nanotube [13], therefore Fermi 
energy of the N-doped CNTs will be located higher than Fermi energy of the undoped CNT as 
depicted schematically in Fig. 1.6(c). The exact position of Fermi level of particular N-CNTs 
depends on the amount of adsorbed oxygen molecules as well as incorporated nitrogen atoms, 
leading to either p-type or n-type behavior of N doped CNTs.  
CNTs are inevitable to be exposed in air, and oxygen molecule adsorption shifts Fermi level of C 
CNTs away from its initial position downwards, but doping with N atoms can tune Fermi level 
and shift it back, close to its initial position as explaned above. Therefore, N incorporation in 
nanotube lattice was predicted to improve the sensitivity of carbon nanotubes compared to 
pristine ones. 
 
 
Fig. 1.6:   Schematic representations of the band structure and Fermi level of (a) pristine metallic 
carbon nanotubes in the ideal case, (b) realistic metallic carbon nanotubes in 
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surrounding gaseous envrionment, (c) N doped CNTs. Blue triangles stand for the 
energies in the conduction bands, while purple for the valence bands. The Fermi level 
is shown by the pink zone as a range of its possible positions. (Depending on the 
amount of adsorbed oxygen and incorporated dopants, Fermi level can be situated 
higher or lower within the pink area.) 
 
The high-resolution transmission electron microscopy (HRTEM) image in Fig. 1.7(a) presents 
the morphology and structure of a pristine multiwalled carbon nanotube, which can be 
considered as several graphene layers rolled-up in a cylindrical configuration with a straight 
hollow core inside. Since the electrons in the    -hybridized orbitals are strongly localized, 
charge transport in CNTs mainly realized with electrons in the  -bonds [13]. MWCNTs consist 
of a concentric arrangement of different diameter SWCNTs; the conductivity of each layer of 
MWCNTs behaves like a SWCNT along the axial direction, but is very poor between the layers 
(see schematic in Fig. 1.7(a)). Because of relatively large outer diameter as well as the 
interaction between inner shells, MWCNTs exhibit a weaker 1D character compared to 
SWCNTs [13].  
HRTEM image in Fig. 1.7(b) shows the typical bamboo-like configuration of a nitrogen doped 
MWCNT: the inner sidewalls of N-MWCNTs are extremely affected by polygonal ends and 
disorder, while the outer walls are straight and flat. According to the literature [102, 104, 105], 
N-MWCNTs display a defective structure with more disruptions in the graphitic lattice and more 
edge plane sites compared to undoped MWCNTs, thus the conductivity of N-MWCNTs is 
significantly reduced compared to undoped ones.  
However, N-MWCNTs are expected to be more sensitive to adsorbed molecules than pristine 
MWCNTs with a similar diameter when applying as sensing materials. As shown in the HRTEM 
images in Fig. 1.7, a pristine MWCNT with a diameter of 23.4 nm has 19 flat sidewalls which 
are available for electron transport, while a 15.8-nm N-MWCNT has only 4 straight and flat 
outer layers. According to the    -hybrid structure, defective inner-shells with polygonal 
(broken) ends behave a poor conductivity, therefore, only flat and straight outer layers of 
nanotubes can be considered as electron transport channels. This means the conductivity of N-
MWCNT mainly depends on its outer layers, thus leading to a weaker intershells interaction as 
well as a larger change in resistance of N-MWCNTs when surrounding molecules are adsorbed. 
Additionally, N-doping also introduces more chemically active sites on the CNT sidewall. 
Therefore, sensing behavior of N-MWCNTs can be enhanced over the undoped MWCNTs [106-
108]. 
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Fig. 1.7:  HRTEM images (left) and the schematics of electron transport inside MWCNT (right) 
of (a) pristine MWCNT (copyright of Nanotech Innovations) and (b) nitrogen doped 
bamboo-like MWCNT. (The scale of databar in HRTEM images is 5 nm.) 
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2. Experimental 
Present chapter describes the experimental procedure of the preparation of vertically aligned 
nitrogen doped carbon nanotubes and their integration into chemiresistive devices. This is 
followed by presentation of the relevance of two diﬀerent applications, including gas sensing and 
biosensing. Furthermore, the equipment and characterization techniques are introduced. All the 
reagents applied in this study were of analytical grade and were used without further purification. 
2.1. Processing and equipment for the growth of CNTs 
2.1.1. Preparation of samples   
Fe/Al2O3 metallic-layer was applied as catalysts. Ultra-thin Fe film was deposited after 10 nm 
thick Al2O3 layer built on the 400 nm thick SiO2 surface of the Si wafer at room temperature 
using magnetron sputter deposition a in high vacuum chamber (base pressure: 1x10-7 mbar; Ar 
sputter pressure: 1x10-3 mbar). No capping layer was used. In the experiments presented in 
chapter 3, catalysts with three different Fe thicknesses were prepared, which were 0.5, 1.0 and 
2.0 nm. After the deposition, the samples were exposed to the atmosphere resulting in natural 
oxidation of Fe to Fe2O3.  
Acetonitrile/ethanol mixtures were employed as C/N source for CVD method, which were 
obtained from Sigma Aldrich. To adjust the concentration of N-containing source, acetonitrile 
was diluted into ethanol solution prior to use, the concentration of acetonitrile was 100, 50, 30, 
20vol%. 
2.1.2. CVD setup and process 
Thermal CVD equipment was applied for N-MWCNT growth experiments (Fig. 2.1). The 
experimental setup for N-MWCNT synthesis comprises a quartz tube reactor with a diameter of 
2.5 cm horizontally placed in a tunable resistance heating furnace, besides a pressure control and 
pumping system. The growth of N-MWCNTs was carried out in the center of a tubular quartz 
tube. Before all experiments, the quartz tube reactor underwent a procedure of evacuation till the 
pressure of 2 mbar was reached. The samples (catalyst-covered         pieces of Si wafer) 
were placed into the middle zone of the quartz tube reactor and heated to predefined high 
temperatures in vacuum with a controlled rate. When the temperature kept stable, the valve for 
feedstock was opened to introduce acetonitrile/ethanol gas flowing into the reactor, attributing to 
the vapor pressures of liquids at ambient temperature. The pressure in the reactor was kept at 
~100 mbar in the N-MWCNT growth phase by the vacuum pump. Immediately after the reaction, 
the feedstock was shut off and the reactor was evacuated again to the initial base pressure and 
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then cooled down naturally. As the results, highly-dense and vertically aligned CNT arrays with 
varying N concentration grew from the catalyst layer and covered the entire surface of catalyst-
coated Si wafer (       ), which could be directly contact-transferred to various substrates 
for characterization or further application in chemical sensors without the need of purifying. 
 
 
Fig. 2.1:  Photographs (a) and schematic diagram (b) of CVD setup for the synthesis of N-
MWCNTs. 
 
2.2. CNTs transfer process 
After CVD process, the as-grown vertically aligned N-MWCNT samples were transferred onto 
the surface of various rigid and flexible target substrates, including Si/SiO2 wafer, glass, quartz 
and Kapton® polyimide film. P-type Si <100> wafer with a 400 nm-thick oxide layer was 
purchased from Siegert Wafer GmbH. Glass and quartz substrate with a thickness of 1 mm were 
obtained from QSIL GmbH, and 100 µm-thick Kapton® polyimide foils were purchased from 
DuPont. 
2.2.1. Cleaning  
Cleaning of substrates was always carried out directly before CNT transfer. The target substrate 
was first cut into small pieces with a size of         or            according to the required 
sizes of devices, and then cleaned with an ultrasonic washer in an acetone, ethanol and deionized 
water bath successively for 10 min to carry away dirt particles and contaminants followed by 
drying with N2 flow. Additionally, the growth substrate with vertically aligned MWCNTs was 
only blow-cleaned with nitrogen gun without any chemical treatment. 
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2.2.2. Surface modify 
Before printing, the surface of Si/SiO2 substrate was chemically modified with 
octadecyltrichlorosilane (C18H37SiCl3, ODTS) for the formation of a self-assembled monolayer 
on a SiO2 surface, as shown in Fig. 2.2(a). Cleaned substrate was dip-coated into 0.1-1.0% 
ODTS solution for 2 min to allow the ODTS to uniformly self-assemble on the sample surfaces. 
Finally, the samples were rinsed with chloroform (CHCl3) and then dried in air. Chloroform and 
octadecyltrichlorosilane were obtained from Sigma Aldrich. 
2.2.3. Contact printing  
The general steps and schematic of direct contact-printing are illustrated in Fig. 2.2(b). The 
growth (donor) substrate after blowing with N2 gun was directly pressed onto the surface of 
cleaned target substrate for more than 30 seconds (step 2 in Fig. 2.2(b)), at the meanwhile, an 
external pressure generally ranged from 0.5 to 3.0 kPa was applied for keeping an intimate 
contact at the interface between those two substrates; subsequently, the growth substrate slightly 
slid along a defined direction with a certain length (< 1 mm) (step 3 in Fig. 2.2(b)); after that, the 
growth substrate was slightly released and MWCNTs were eventually detached from the growth 
substrates and anchored on the surface of the target substrates due to the van der Waals 
interactions (step 4 in Fig. 2.2(b)). 
 
 
Fig. 2.2:  (a) Schematic representation of ODTS modification of a Si/SiO2 substrate, ODTS 
molecules are densely packed on the surface of substrate. (b) Schematic of the direct 
contact-printing transfer process of CVD-grown vertically aligned MWCNTs. (P, 
pressure). 
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In this way, the resulting CNTs arrays are oriented horizontally along the overall direction of 
electron transport between electrodes which will be deposited afterward. The complete transfer 
process was operated readily at room temperature in open air, and the whole process was 
performed in 2 min. 
2.3. Device fabrication  
As shown in Fig. 2.3, two types of sensing devices with different metal electrode patterns were 
applied in this study, the single device on the chip is prepared for gas sensing (Fig.2.3(a)), and 
the device matrix shown in Fig.2.3(b) is used for biosensing experiments. 
 
 
Fig. 2.3:    Schematic view of the chemiresistor-type devices in this study: (a) a single gas sensor, 
(b) biosensor matrix. Cr/Au electrodes were patterned on the surface of substrate 
with pre-patterned horizontally alinged MWCNT arrays at certain areas. 
 
The chemiresistor-type sensing devices were fabricated using a standard microfabrication 
procedure. After forming of horizontally aligned N-MWCNTs arrays on the target substrates, 
Cr/Au (3 nm Cr and 50 nm Au) interdigitated electrode fingers with interspacing of 3 μm were 
deposited by means of thermal evaporation onto the patterned photoresist mold, and a lift-off 
technique was used to remove the photoresist. The detailed fabrication process is described as 
follows. 
2.3.1. Photolithography 
The flowchart in Fig. 2.4 presents the detailed steps of optical lithography to fabricate 
interdigitated electrode patterns on rigid and flexible substrates. After direct contact-printing, the 
substrate was covered with horizontally aligned CNTs at a well-defined position.  
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Fig. 2.4:   Flow chats of the photolithography to fabricate interdigitated electrode patterns on 
substrate with horizontally aligned CNTs using (a) positive and (b) negative resists. 
 
Firstly, the substrate was spin-coated a thin layer of TI prime, followed by instantly baking the 
sample at 120 ºC for 2 min. TI prime is a kind of adhesion promoter that can improve the resist 
adhesion on various substrates including Si and glass. And then, the whole surface of the 
substrate was covered with photoresist AZ5214e by spin coating, followed by 110 ºC baking for 
1 min. AZ5214e has the reversal capability only in exposed areas of the resist, which can be 
activated by heating the sample at the temperature above 110 ºC. In this study, AZ5214e was 
applied as a positive resist for the fabrication of gas sensing devices, while it was reserved and 
used as a negative resist for fabricating biosensing devices. After coating with photoresist, the 
samples were illuminated under UV (SÜSS MicroTec) with a mask for 1 second. And then, gas 
sensing devices can directly undergo development process by immersing the samples in AZ726 
MIF for 1 min (see step (a) in Fig. 2.4). However, the biosensing devices need to be baked at 110 
ºC for 2 min followed by a second illumination without the mask for 30 s to active the reversal 
capability of the resist (step (b) in Fig. 2.4). Subsequently, the biosensing devices underwent the 
same development process with gas sensing devices. This is ﬁnally followed by rinsing with 
distilled water for removal of organic contaminants and drying with nitrogen flow.   
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2.3.2. Thermal evaporation and lift-off process 
After photolithography, the well-designed patterns were produced on the substrates. Then, thin 
metal film (3 nm Cr and 50 nm Au) was deposited by means of thermal evaporation (UNIVEX 
300) onto the patterned photoresist mold, as shown in Fig. 2.5. 3-nm Cr was applied to improve 
the adhesion between gold electrodes and substrate. Afterwards, the samples underwent the lift-
off process by immersing in acetone for 15 min and sonication for 1 min to strip the remaining 
photoresist and unwanted metals. Finally, the electrodes were rinsed with acetone, isopropanol 
and distilled water thoroughly, and then dried with nitrogen flow. The resultant electrode 
patterns for gas- and bio-sensing are shown in Fig. 2.3. 
 
 
Fig. 2.5:   Schematic diagram of the photolithography and metal electrodes deposition process, 
resist AZ5214e was applied as (a) positive and (b) negative photoresist. 
 
2.3.3. Annealing 
All as-fabricated devices were annealed at 200 ºC for 15 min in vacuum with the help of my 
colleagues Dr. V. Khavrus, L. A. Panes-Ruiz and Y. Liu. The annealing process was performed 
in a CVD furnace, the system was previously heated with a rate of 30 ºC/min until 100 ºC, 
followed by a receding heating rate of 5 ºC till the temperature is stable at 200 ºC. After 
annealing, the system was cooled down naturally. 
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2.4. Characterization methods 
2.4.1. Scanning electron microscopy (SEM) 
Scanning electron microscopy was applied for investigating the morphology of carbon nanotube 
arrays and interdigitated area of devices, JEOL JSM-6510 and Phillips XL30 ESEM-FEG were 
applied. Due to a poor electrical conductivity of glass, quartz and Kapton® film, CNTs were not 
easily observed on these substrates under the SEM. Therefore, low voltage (1-2 kV) was applied 
for characterization of devices fabricated on non-conducting substrates. 
2.4.2. Transmission electron microscopy (TEM)  
Transmission electron microscopy (TECNAI F30) performed by Dr. I. Gonzalez was applied to 
characterize the high-resolution morphology and structure of CNTs. TEM samples were prepared 
by drop-casting CNT/ethanol dispersion on Cu meshes (S147-3), which were obtained from 
PLANO GmbH. 
High-resolution transmission electron microscopy is an image mode of TEM, which can present 
structure as small as the unit cell of crystal. HRTEM was applied to observe the atomic structure 
of carbon nanotubes in this study; we used HRTEM to analyze the diameter, wall-number, 
defects, closed end as well as catalyst grains of carbon nanotubes. 
2.4.3. X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy was performed, which was normally applied to determine the 
chemical composition of samples. It is widely used for studying the distribution bonding of 
heteroatom dopants in carbon based nanomaterials. Normally, XPS spectrum contains a primary 
spectrum, which is a convolution of the final state binding energies of each excited core state as 
well as a stepped secondary spectrum; therefore, subtraction of the secondary background is very 
important for analyzing the primary spectrum [109].  
To analyze carbon nanotubes, C1s line normally centered at 284.4 is the starting point [109]. 
When doping with nitrogen atoms into the nanotube lattice, the C1s line will be shifted to higher 
binding energies with the magnitude 0.1-0.4 eV, [97, 109]. N1s response is very important for 
identifying distinct components of N-CNTs [109, 110]. In this study, the nitrogen concentration 
and its bonding configuration of N doped CNTs were characterized with XPS (PHI 5600 
spectrometer, equipped with Al monochromatic X-ray at a power of 350 W) performed by Dr. S. 
Oswald from IFW Dresden. 
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2.5. Electrical and sensing measurements 
The electrical and sensing measurements of the devices were performed with the help of L. A. 
Panes-Ruiz and V. H. Romay-Lopez.  
2.5.1. Electrical characterization 
The electrical performances of the gas- and bio-sensing devices were both monitored with a 
probe station under dry conditions by recording the current vs. voltage (I-V) characteristics. The 
probe station consists of an optical microscope (Olympus Europe), two micro-positioners with 
tungsten needles, an electrically contactable sample holder (chuck), and a measuring system 
Keithley 2604B SourceMeter, as shown in Fig. 2.6(a). The tungsten needles (the inset in Fig. 
2.6(a)) were used for applying source-drain (SD) voltages between electrodes of devices and 
monitoring their relative currents, and the chuck was used for gate voltage and gate current data 
acquisition. 
 
 
Fig.2.6:     (a) An optical photo of probe station for the electrical measurements, the inset is an 
image of two tungsten needles probing the sensing device. (b) Diagrams for 
measuring SD I-V curves (top) and transfer characteristics (bottom) of devices. 
 
I-V curves of each device were obtained applying a SD voltage from −2.0 to +2.0 V with a fixed 
back gate voltage    of 0 V. All the devices are only used as chemiresistors, but the transfer 
characteristics (source-to-drain current as a function of the gate voltage) of devices were also 
investigated to identify current leakage through the back gate (see Fig. 2.6(b)). The transfer 
characteristics were measured by applying a varying gate voltage from −10 to +10 V and 
keeping a constant SD voltage of 0.5 V.  
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2.5.2. Biosensing measurement 
2.5.2.1. DNA preparation 
DNA sequences were purchased from Eurofins Genomics, their base sequences were as follows: 
Probe DNA: 5’-CAA ATC TGC ATT GGT TAT CA-3’; 
Target DNA: 5’-TGA TAA CCA ATG CAG ATT TG-3’. 
Before use, the DNA was placed into a thermocycler Mastercycler® Eppendorf probe and heated 
at 95 ºC. Sodium dihydrogen phosphate and disodium hydrogen phosphate purchased from Roth 
were applied to prepare the phosphate buffer (PB buffer). Afterwards, the probe and target DNA 
was diluted with PB buffer to a concentration of 20 μM. Additionally, the target DNA solution 
was further diluted in PB buffer with a varying concentration, which was 0 pM, 2 pM, 20 pM, 
200 pM, 2 nM, 20 nM, 200 nM and 2 μM. 
2.5.2.2. Functionalization steps 
Only biosensing devices need to be chemically functionalized with DNA sequence before 
sensing application. The biosensing devices were all electrically characterized in the probe 
station under dry conditions at room temperature before any functionalization treatment. 
Furthermore, the electrical characterization was also carried out after each step of 
functionalization, which will not be stated unless otherwise.   
At the first step, 200 mM PB buffer was dropped onto the sensor chip to cover the entire channel 
of electrodes and incubated for 15 minutes at room temperature, followed by rinsing the entire 
device with deionized water and drying in vacuum at room temperature for 15 minutes. 
Subsequently, the I-V curve was monitored to assess the effect of buffer on the electrical 
performance of the devices. 
At the second step, the probe DNA was immobilized on CNT sidewalls, which was performed 
by drop-casting with 100 μL of DNA probe (20 μM) on the surface of the CNT sensor chip at 60 
ºC until drying in an oven. Afterwards, the chips were immersed in PB buffer 200 mM, washed 
thoroughly with deionized water and dried in vacuum for 15 minutes. The following electrical 
characterization can detect if the probe DNA was immobilized on CNT sidewalls successfully. 
The third step aims to block the uncovered sites on the CNT sidewalls that DNA probe did not 
occupy. The probe-functionalized CNT sensors were incubated in a solution of 0.01 % Triton™ 
X-100 (Aldrich) dissolved in PB buffer 200 mM for 15 minutes at room temperature. Afterwards, 
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the chips were rinsed with PB buffer 200 mM, followed by rinsing with deionized water and 
dried in vacuum for 15 min. And I-V measurement can help to assess the influence of Triton™ 
X-100 on the electrical properties of devices. 
2.5.2.3. DNA sensing 
The hybridization reaction was carried out by incubating the as-functionalized sensors with DNA 
target in PB buffer with a varying concentration in sequence, which was 0 pM, 2 pM, 20 pM, 200 
pM, 2 nM, 20 nM, 200 nM and 2 μM.  
The chips were firstly incubated with DNA target solution with a defined concentration for 15 
minutes at room temperature, followed by rinsing with PB buffer (200 mM) and deionized water. 
Subsequently, the chips were dried in vacuum at room temperature for 15 minutes. And then, the 
devices were characterized electrically in the probes station. After the electrical characterization, 
the next concentration of DNA target was added to the chips, followed by the same hybridization 
procedure as mentioned above.   
2.5.3. Gas sensing experiment 
The gas measurement system was developed by Dr. C. Schmädicke, and the detailed description 
can be found in her doctoral thesis [111]. As shown in Fig. 2.7, the gas measuring apparatus 
comprises four subsystems: a gas delivery system to control the gas composition inside the 
measurement chamber, a gas exposure chamber for a specific attachment of the samples, the 
read-out electronics to determine the resistivity of the sensors, and a temperature control [111]. 
In this study, ammonia (NH3) and nitrogen monoxide (NO) were performed as the analytic gases, 
and pure N2 was applied as a carrier gas. All experiments were carried out at room temperature. 
Before exposure experiments, the MFC 1 (Fig. 2.7) for the analytic gases was purged with pure 
N2 for 20 min to avoid contamination. Then the devices were placed inside the sensing exposure 
chamber, followed by establishing a constant flow of 2 L/min of N2. Meanwhile, a constant 
voltage of 0.1 V was applied between two electrodes and a relative current signal was monitored 
per second. After the stable signal was captured, the analytic gas flow was introduced in the 
exposure chamber. The concentration of analytic gas can be controlled by adjusting the flow rate 
as well as diluting with pure N2.  
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Fig. 2.7:  Schematic configuration of the gas measurement system with a small volume gas 
chamber equipped with read-out electronics for the sensor measurements [111]. 
 
A typical cycle of exposure experiment includes three steps: first, a clean N2 flow was introduced 
into the sensing exposure chamber as a background; and then analytic gas diluted in N2 was 
injected into the chamber and register a sensing signal; finally, a clean N2 flow was introduced 
again for sensor recovery [112]. To test one device, multiple exposure cycles were performed 
under varying concentrations of analytic gas by continuously repeating the same test several 
times. 
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3. Synthesis and characterization of vertically aligned N-
MWCNT arrays 
In this chapter, a review of various preparation techniques of nitrogen doped CNTs will be 
introduced, and then chemical vapor deposition method was applied to synthesize vertically 
aligned nitrogen doped carbon nanotube arrays on Si/SiO2 substrate. The morphology and 
structure of the N-MWCNTs were examined using SEM and TEM, and XPS were used to assess 
quantitatively the compositional and structural properties of the N-CNTs. The nitrogen doping 
level and the types of N substitutes incorporated in the CNTs was tailored in a controlled manner 
by varying the N-source concentration. Additionally, the inﬂuence of catalyst, reaction time and 
temperature on the chemical surface properties and morphology of N-CNTs were also studied 
and discussed.  
3.1. Overview of synthesis method  
Inserting a heteroatom into the backbone of a carbon nanotube, the symmetry of the nanotube is 
modiﬁed and the structure and properties are altered [101, 113]. Stephen et al. [114] firstly 
reported the incorporation of nitrogen and boron atoms into CNT matrix by means of arc-
discharge procedures. Since then, the synthesis of N-CNTs has been extensively investigated 
over the last decade [99]. There are two main approaches commonly employed for doping 
nitrogen into CNTs, including “in situ” doping and post-treatment. The “in situ” doping involves 
the direct incorporation of N heteroatoms into CNT matrix during the synthesis process, and the 
post treatment is post-synthesis doping of an “as-synthesized” carbon material with a nitrogen 
source. 
3.1.1. “In situ” doping method 
Several typical “in situ” doping techniques can be employed to synthesize nitrogen-doped carbon 
nanotubes, which are similar to those used to synthesize pure carbon nanotubes: (i) high-
temperature synthesis methods like arc-discharge [115-117]; (ii) low-temperature synthesis 
methods such as chemical vapor deposition (CVD) [101, 118, 119]. 
3.1.1.1. Arc-discharge 
Stephan et al. [114] firstly synthesized nitrogen containing multiwall CNTs by means of arc-
discharge in 1994. In 2004, Glerup [116] directly synthesized N-CNTs through arc-discharge 
method using nitrogen-rich organic and inorganic precursors. In their experiments, nitrogen-rich 
precursor melamine was introduced in the anode rods and the doping levels of N-SWCNTs 
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bundles could reach up to 1at%. The advantage of arc-charge method is that extremely high 
temperature would lead to highly crystalline nanostructures with very little disorder. [114] 
However, the main disadvantage of this method is relatively little control over the alignment of 
the nanotubes [37].  
3.1.1.2. Chemical vapor deposition 
CVD is the most common and straightforward approach used to synthesize N-CNTs. In 1997 
Yudasaka [120] first reported N-MWCNTs synthesized by CVD using Ni phthalocyanine as a 
precursor. Since then, a wide range of N-containing precursors have been used to incorporate N 
atoms into C matrix with success, including acetonitrile, ethylene diamine, dimethylformamide, 
imidazole, Fe-phthalocyanine, benzylamine, etc. [96, 121-125] 
Up to now, different kinds of CVD methods have been developed for synthesis of N-CNTs, such 
as catalytic CVD, plasma-enhance CVD (PECVD), aerosol-assisted CVD (AACVD), oxygen-
assisted CVD, etc. Catalytic CVD is a standard growth method for vertical or parallel N-CNT 
arrays, Mo [126] synthesized aligned N-CNT arrays through chemical vapor deposition using 
ferrocene as the catalyst precursor. PECVD is a particularly attractive method, because the high-
energy plasma environment enables low-temperature growth and high CNT alignment [127]. Lee 
et al. [127] generated vertically aligned N-CNT arrays with 52 μm length by means of PECVD 
within 1 min. In AACVD method, the precursors are transported to the substrate by means of a 
liquid/gas aerosol, AACVD has a higher deposition rate and a lower overall cost than the 
conventional CVD method, which also offers better capability and flexibility for the fabrication 
of multicomponent compounds [128]. Koós [118] reported the production of nitrogen-doped 
SWCNTs using AACVD. For the purpose of removal of undesired amorphous carbon 
contamination, oxygen-assisted CVD approaches were developed. Oxygen-containing 
compounds like water (H2O) [129], ethanol (CH3OH) [130], O2 [131] and carbon monoxide (CO) 
[132] have been introduced into the precursors, which would improve the catalysts activity, 
inhibit undesired contamination by amorphous carbon, and promote highly efficient CNT growth. 
Compared with arc-discharge methods, CVD is a simple and low-cost technique for synthesizing 
carbon nanotubes at a lower temperature and ambient pressure [133]. CVD-grown CNTs process 
inferior crystallinity compared with arc- and laser-grown CNTs, but it would offer higher yield 
and purity [133]. Besides, CVD methods are versatile that allows CNTs growth in various forms 
(powder or film, aligned or entangled, straight or coiled), which also offer better control of 
growth parameters, such as time, temperature, gas flow rate, etc. [133] Through adjusting the 
synthesis parameters like combination of precursors, pyrolysis temperatures, CVD enable to 
3. Synthesis and characterization of vertically aligned N-MWCNT arrays 
- 29 - 
 
control the nitrogen content and binding type [96, 101, 122, 134], that was in particular utilized 
in current work. 
However, most of the CVD synthesized N doped CNTs are multi-walled with a typical bamboo-
like morphology and relatively large diameters [134]. Nitrogen doping of SWCNTs is relatively 
difﬁcult and only recently some groups have reported to succeed in CVD procedure. Ibrahim et 
al. [134] synthesized N-SWCNTs in 2010 with a nitrogen content up to 2 at% via CVD at 950 ºC, 
using different ratios of acetonitrile/ethanol as a feedstock. Koós et al. [118] reported N-
SWCNTs with a nitrogen content of ca. 1 at% which were synthesized in 2012 by using 
ethanol/benzylamine as N/C source via AACVD between 950 and 1100 ºC.  
3.1.2. Post treatment method 
N-CNTs have also been prepared by various post-synthesis methods including thermal treatment 
[135], low energy   
  ion implantation [92], and N2 plasma treatment [136].  
3.1.2.1. Thermal treatment 
Nagaiah et.al [135] reported N-CNTs with a N content from 2.9 to 6% was prepared through 
thermal treatment. In their experiments, CNTs were ﬁrst thermally treated at 800 ºC to remove 
impurities, and then oxidized via a HNO3 vapor treatment at 200 ºC for 48 h to introduce a large 
amount of oxygen species on the CNT surface. In order to introduce N-containing functional 
groups, the oxidized CNTs were then treated at elevated temperatures under a NH3 atmosphere. 
3.1.2.2. Low energy   
  ion implantation 
Xu et al. [92] reported N-MWCNTs with a N doping concentration ranging from 1.5% to 11.3% 
which were synthesized by 300 eV   
  ion implantation. In the approach, CNTs were exposed to 
  
  ion beam originating from a cold cathode ion source, followed by thermal annealing. 
According to their study, the N content increased with the amount of   
  ions sent to the carbon 
nanotubes, while decreased when the annealing temperature was increased [92].  
3.1.2.3. N2 plasma treatment 
Gohel et al. [136] reported N-MWCNTs prepared via exposing the MWCNT ﬁlm to 10 min of 
N2 plasma treatment in a Denton radio frequency magnetron sputtering machine set at 100 W 
power and 2 mTorr pressure. This approach could introduce N into MWCNTs, but shortened the 
length of nanotubes as well as reduced the nanotube density. 
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Table 3.1 lists current nitrogen doping methods and corresponding doping concentration in the 
structure of CNTs, which demonstrates that “in-situ” and post-synthesis methods both can 
incorporate N into CNTs. It is apparent that a higher concentration of N doping is still difficult to 
be achieved, because the presence of nitrogen decreases the yield of CNTs [118] and a high N 
concentration leads to a signiﬁcant structural deformation of the nanotubes and hence terminates 
growth of crystalline CNTs [137]. 
Among all those methods, “in-situ” methods are more preferable, because which avoid complex 
post treatment in toxic gas NH3 at a high temperature (800-1200 ºC) [135, 138]. Moreover, high 
temperature treatment often causes structural degradation and morphological defects of carbon 
nanotubes, which would further affect electronic properties of nanotubes [139]. However, 
nitrogen doping of SWCNTs is still relatively difﬁcult for both arc-discharge and CVD methods; 
therefore, post-treatment is often applied as an alternative for preparing N-SWCNTs.  
 
Table 3.1: The comparison of N-doping methods and N concentration on CNT structures. 
Methods Precursors Catalyst N content % Ref. 
Arc-discharge N2 - 0–10 [114] 
PECVD CH4/N2 Fe 15–17 [140] 
PECVD NH3 
Nanopatterned 
catalyst array 
0–8 [127] 
Aerosol CVD Ethanol/benzylamine Ferrocene 1  [118] 
Aerosol CVD 
Acetonitrile/ 
Tetrahydrofuran  
[Fe(III)(acetylacetona-
te)3] 
20 [141] 
oxygen-assisted 
CVD 
Acetonitrile/ethanol Ferrocene 2 [134] 
CVD Pyridine/pyrimidine Ferrocene 1–3 [142] 
CVD 
CH4/NH3/Ar  
CH4/pyridine/Ar 
Mo0.1Fe0.9Mg13O 1 [143] 
Thermal treatment NH3 - 2.9–6 [135] 
Thermal treatment NH3 Fe 2–4 [144] 
  
  ion implantation N2 - 1.5–11.3 [92] 
  
  ion implantation N2 - - [145] 
N2 plasma treatment N2 - - [136] 
Note: -, not mentioned; PECVD, plasma enhancement CVD. 
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3.2. Results and discussion 
In this study, vertically aligned nitrogen doped carbon nanotubes were synthesized by oxygen-
assisted chemical vapor deposition on a Si/SiO2 substrate. Metallic-layer system of Fe/Al2O3 
layer was applied as a catalyst; the mixture of ethanol/acetonitrile was employed as C/N source. 
Previous literature reported that N doping concentration inside the N-MWCNT structure can be 
controlled through varying the amount of N-containing source [97, 134, 146]. In this study, the 
concentration of acetonitrile was varied from 0 to 100% (20, 30, 50, 100vol%) in ethanol while 
keeping the total volume of solution constant (100 mL). The detailed synthesis process is 
presented in chapter 2.  
The growth mechanism of carbon nanotubes remains elusive, vapor-liquid-solid (VLS) 
mechanism is often assumed [147-149]. In the VLS model, gaseous carbon and nitrogen source 
first decomposes on the surface of the melting nanocatalyst and forms a carbide, and then carbon 
and nitrogen atoms dissolve in melting catalyst particles and diffuse to its surface, where they 
aggregate to form a cap, which finally leads to the growth of CNT from the surface of the 
nanoparticle [149]. So far, there are two general cases of CNT growth, including “tip-growth” 
and “base-growth” model (Fig. 3.1(a)). In the “tip-growth” model, the catalyst-substrate 
interaction is weak, when hydrocarbon dissociates on the top surface of the metal particles, 
carbon diffuses down through the metal, then CNT precipitates out across the metal bottom and 
pushes the whole metal particle of the substrate [150]. In the “base-growth” model, the catalyst-
substrate interaction is strong, CNT precipitation fails to push the metal particle up, leading to 
precipitation emerging out from the metal’s apex [150]. Terrones [151] proposed a mechanism 
for the growth of bamboo-shaped N-CNTs, which is also based on the formation of graphitic 
layers on the catalyst nanoparticle. At the high temperatures used, Fe atoms cluster to form 
particles, and C and N containing reactants decompose at the meanwhile, the interaction between 
the Fe clusters and the C/N fragments lead to the formation of the N-MWCNTs [152]. 
In this study, N-MWCNTs were synthesized with CVD method via decomposing the mixture of 
acetonitrile/ethanol at high temperature and using Fe/Al2O3 metallic-layer as a catalyst. As 
shown in HRTEM images in Fig. 3.1(b), the morphological structure of the N-MWCNTs was 
significantly altered through nitrogen doping, leading to the formation of bamboo-like structures. 
According to a previous report [99, 153, 154], this is because the presence of N atoms in the C/N 
graphite-like layer lead to stresses in the surface, and this is released by a “pulsed” effect in 
which the C/N surface layer detaches from the Fe. This process is repeated over and over again 
leading to the compartmentalized bamboo shape. According to the “pulsed” effect, it can be 
observed in Fig. 3.1(b) that the wall thickness increases by the joint of the compartment layers, 
but the outer diameter remains about the same for the entire tube, which is coincident with 
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previous research reported by Lee [155]. HRTEM image in Fig. 3.1(c) reveals no encapsulated 
catalytic particles existed in the closed tip of the bamboo-like structure of nanotubes; the tip of 
nanotubes is typically encapsulated with layers of graphene, indicating our N-MWCNTs is 
produced by a “base-growth” model.  
 
 
Fig. 3.1:   (a) Widely-accepted growth mechanisms for CNTs: (top) tip-growth model, (down) 
base-growth model [150]. (b) TEM image of a bamboo-liked nitrogen doped carbon 
nanotube. (c) Magnified HRTEM image of the tip of a nanotube. 
 
Although CVD-based growth mechanism has still not been completely understood, plenty of 
investigations have already indicated that the physicochemical properties of N-MWCNTs can be 
controlled through CVD method by varying different synthesis parameters, i.e. catalyst, reaction 
temperature and duration, nitrogen or carbon precursors [152, 156, 157]. Changing even one 
experimental parameter will lead to a signiﬁcant inﬂuence on the morphology and 
physicochemical properties of the N-MWCNTs. In further discussion, the growth of highly dense 
and vertically aligned N-MWCNT arrays was optimized and studied from the aspect of the 
catalyst-layer thickness, growth rate, temperature as well as varying concentration of N/C source. 
3.2.1. Catalyst 
Previous studies show that catalysts play a key role in the type of nanotubes produced, such as 
the number of walls, the diameter, and the graphitization [99, 152, 158]. Catalyst material for 
CNT synthesis requires strong metal-support interactions, a high surface area and large pore 
volume at high temperature [158]. There are many types of catalysts that can be used for CNT 
synthesis, including Fe, Ni, Co, Zn and Cu [152, 159], but the most frequently used are Fe, Ni 
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and Co, because of obtaining higher yields of both doped and undoped CNTs [160, 161]. 
However, normally supported catalysts used for CNTs growth are too small to characterize by 
microscopy, leading to difficulties in controlling the size of the catalytic nanoparticles [45].  
Herein, we used Fe/Al2O3 metallic-layer system with ultrathin Fe film as a supported catalyst to 
synthesize N-MWCNTs, the thickness of Fe film (0.5, 1 and 2 nm) can be accurately controlled 
through magnetron sputter deposition [162, 163]. The results were shown in Fig. 3.2. Fig. 3.2(a,b) 
demonstrate that nanotubes can be synthesized from 0.5 and 1 nm-Fe layer. Moreover, it is 
apparent that the surface density and yield of N-MWCNTs grown from 1.0 nm-Fe layer (Fig. 
3.2(b)) were significantly increased compared with that from 0.5 nm (Fig. 3.2(a)). The inset in 
Fig. 3.2(b) presents a morphology of excellent vertical alignment of the N-CNT bundles in arrays, 
high-dense N-MWCNT arrays tightly stick together side by side due to van der Waals forces, 
indicating a better catalytic behavior of 1.0 nm Fe layer. In Fig. 3.2(c), 2 nm-Fe film aggregated 
into large deactivated particles and no nanotube precipitated out across the Fe particles, 
indicating no catalytic effect of 2 nm-Fe film. As shown in Fig. 3.2(c), the particles present 
relatively larger diameter compared to the nanotubes in Fig. 3.2(a,b), which may attribute to 
tightly warped amorphous carbon on the surface of metal particles. It also can be seen that no 
amorphous carbon and contaminates existed in those SEM images, revealing that changing the 
thickness of Fe layer did not have a signiﬁcant inﬂuence on the purity of the sample. 
 
 
Fig. 3.2:   SEM images of N-CNTs grown from (a) 0.5, (b) 1.0, and (c) 2.0 nm Fe multilayer 
system. (d) The comparison of diameter and length of the N-MWCNTs grown from 
0.5 and 1.0 nm Fe multilayer system. (Data bar: 1 μm, precursor: pure acetonitrile, 
reaction temperature: 885 ºC.) 
 
The result indicates that the yield and density of nanotubes were very sensitive to the variation of 
Fe-layer thickness. This phenomenon can be explained by the CNT growth mechanism. During 
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the temperature rise, the sputtered Fe layer was gradually separating and agglomerating to form 
separated nanosized Fe particles under the effect of Fe/SiO2 interface energy. These Fe particles 
acted as catalysts in the subsequent N-NWCNT growth. Therefore, the size and density of the Fe 
particles remarkably influenced the morphology and density of the synthesized N-MWCNT. The 
0.5 nm Fe-layer cannot form uniform and dense distributed nanoparticles; as a result, low density 
and curly N-MWCNT grew under this condition. 1.0 nm Fe-layer reflected higher catalytic 
efficiency for N-MWCNT, which was selected for the optimization of the N-doped vertically-
aligned MWCNT arrays unless otherwise specified. 
3.2.2. Growth rate and duration 
CNT growth rate is one of the central issues for CNT synthesis, which are necessarily required to 
achieve highly eﬃcient synthesis. According to Geohegan et al. [164], average growth rates 
reported for vertically aligned arrays of multiwall carbon nanotubes synthesized via CVD range 
from 0.4 to 50 µm/min, with lengths typically terminating around 50-200 µm. Because CNT 
growth is a very complex process, the growth rate of CNTs is related to many parameters, like 
catalyst lifetime, carbon feedstock, reaction temperature, etc. [165]  
To investigate the growth rate and reaction duration, vertically aligned N-MWCNTs arrays were 
all synthesized by decomposing pure acetonitrile at the same temperature with a single variable 
of reaction duration, which was varied from 1 to 15 min. The SEM images in Fig. 3.3 present the 
morphology of the as-synthesized N-MWCNTs from the top and side view (insets).  
In the first image of Fig. 3.3(a), nothing could be observed on the substrate surface, indicating 
carbon nanotubes didn’t start to grow in the initial 1 min. During this period, Fe atoms may have 
already clustered to particles, but this could not be seen under SEM due to extremely small size. 
The next SEM image shows that deactivated catalyst particles with a large diameter and a few 
randomly-distributed nanotubes were formed as the reaction duration extending to 3 min. This 
demonstrates that hydrocarbon had decomposed and diffused through the metal particles, but the 
CNT precipitation didn’t complete in 3 min, leading to lots of large-sized deactivated catalyst 
particles.   
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Fig. 3.3:    (a) SEM micrograph of the N-MWCNTs grown via CVD with duration of: 1, 3, 5, 7, 
10 and 15 min. The (b) length and (c) growth rate of N-MWCNTs plotted as a 
function of reaction duration ranging from 0 to 15 min. 
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Vertically aligned N-MWCNT arrays began to grow after the reaction duration extended up to 5 
min, and the length of CNT arrays increased with time. Fig. 3.3(b) shows the mean length of N-
CNTs increased from 0.5 to 4.3 µm, when the reaction duration was prolonged from 3 to 10 min. 
As shown in Fig. 3.3(c), the growth rate of nanotubes also presented an upward trend during this 
period, and which reached the highest point of ~0.8 µm/min during 7-10 min. However, the 
nanotubes stop growing after reaction lasting for 10 min, indicating a relative short catalyst 
lifetime. This is a common problem for CNT growth named catalyst poisoning, which could 
occur by encapsulating catalyst particles with amorphous carbon which blocks access of the 
growth species to the catalyst surface [166].  
Although the catalytic mechanism remains elusive, many previous publications have reported on 
prolonging the catalyst lifetime. Hata et al. [129] reported that a small content of water vapor 
could significantly prolong the catalyst lifetime in their water-assisted ethylene based CVD. 
Zhong et al. [166] developed a sandwich-like Al2O3/Fe/Al2O3 catalyst system for the growth of 
0.5 cm SWCNTs at a growth rate of ~2.6 µm/min for 32 h growth time. Bronikowski et al. [167] 
reported that CNTs can be grown for a longer time at lower temperatures, and they synthesized 
MWCNTs at 600 ºC with a growth rate of ~0.64 µm/min for 26 h. In this study, 4 µm-CNT 
arrays are already long enough for the fabrication of CNT based nanodevices, which are applied 
for bridging the interdigitated electrodes. In this case, there is no need to prolong the catalyst 
lifetime, and the reaction duration is kept at 10 min in the further study. 
One thing we need to point is that the length of CNT arrays we measured here is not the real 
length of nanotubes, because defective nitrogen doped multiwalled nanotubes are much curlier 
than pristine CNTs. Therefore, we only calculated and discussed approximate lengths of vertical 
nanotube bundles in this study. 
3.2.3. Precursor composition and growth temperature  
Since the physicochemical properties of N-CNTs are significantly dependent on the level and 
type of doping nitrogen, a controlled way of inserting N into the structure of CNT during 
synthesis is desired [168]. The nitrogen content in N-CNTs mainly depends on the solubility of 
nitrogen in the catalyst nanoparticle during synthesis and the proportion of the nitrogen-
containing compound in the reaction mixture [104, 134, 169, 170]. Some works have already 
shown that the percentage of nitrogen substitute in N-CNTs can be varied by changing the 
synthesis temperature [152, 156]. Recently, the type and concentration of feedstock were 
evaluated to affect nitrogen incorporation in CNT structure [171]. A varying proportion of the N-
containing compound has been employed to control the N doping content in N-CNTs [122], 
which was also capable to adjust the length and diameter of the bamboo shaped nanotubes. Koós 
et al. [172] synthesized N-CNTs by using the mixture of benzylamine and toluene, the length and 
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diameter of the nanotubes decrease with nitrogen concentration while bamboo-shaped nanotubes 
increases. Ayala et al. [146] reported that single and multiwalled N-CNTs can be selectively 
grown by modulating the concentration of acetonitrile in ethanol solution. While the influence of 
reaction atmosphere composition on the morphology of the nanotube has been investigated [146], 
the effect on the N doping concentration as well as the forms of N incorporation in N-CNTs 
structure has not been clarified.  
Herein, we report a systematic study of N-MWCNTs synthesized with a wide range of varying 
concentration of N containing reactant acetonitrile (20-100 vol%) in ethanol to evaluate the 
effect of the concentration of N source on the structure, N-doping concentration and N 
incorporation types of N-MWCNTs. Ethanol was applied as carbon source to dilute acetonitrile, 
because (i) they are both common feedstocks employed for N-doped CNT synthesis; (ii) ethanol 
contains oxygen in its chemical structure, which improves the catalysts activity and inhibits 
undesired contamination by amorphous carbon; (iii) they have similar molecular weight; (iv) 
most especially these two solvents have close values of vapor pressure (as shown in Fig. 3.4(a) 
and appendix A), that they achieve a relatively close mean evaporation saturation at ambient 
temperatures [146].  
It is well known that reaction temperature plays an important role in the growth of carbon 
nanotubes. We tested the growth of N-MWCNTs in the range of 700-940 ºC, because the optimal 
reaction temperature is closely related to the ratio of acetonitrile/ethanol in the solution. There 
was no N-CNT formation observed at the reaction temperature below 720 ºC. Analyzing the 
morphological characteristics of the resulting materials synthesized in a pure acetonitrile reaction 
atmosphere, it was found that well-aligned N-MWCNT arrays were always formed around 860 
ºC, which is consistent with the result reported by Ayala [146], who synthesized N-MWCNTs by 
decomposing pure acetonitrile from 750 to 900 ºC.  
To control the N doping concentration in N-MWCNTs, different proportions of carbon source 
ethanol was added to dilute N source acetonitrile. In this study, the relative percentage of 
acetonitrile in precursors is 100, 50, 30, 20vol%, as listed in Table 3.2. As introducing ethanol 
into acetonitrile as feedstocks, the synthesis temperature of nanotubes increased by 60 ºC, 
approximately. Therefore, the synthesis temperature of carbon nanotubes from pure acetonitrile 
is of 840 ºC, while that of nanotubes grown from acetonitrile/ethanol compound is of 900 ºC. 
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Fig. 3.4:   (a) Vapor pressure of acetonitrile and ethanol at ambient temperatures, which was 
calculated through Antoine equation as shown in appendix A. (b) XPS C1s and N1s 
spectra of N-CNTs synthesized by using varying concentrations of acetonitrile in 
ethanol as feedstocks. N1s spectra showing different types of nitrogen incorporated 
in N-MWCNTs synthesized from (c) 100, (d) 50, (e) 30, and (f) 20vol% acetonitrile 
in ethanol.  
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XPS measurements were carried out to estimate the doping nitrogen content and bonding 
situation in the structure of nanotubes. Fig. 3.4(b) exhibits predominant narrow graphitic C1s 
peaks at ~284.8 eV along with the N1s peaks between 398.8 and 400.8 eV of four samples 
prepared with different N-containing feedstocks concentration. The total concentration of 
nitrogen atoms on the surface of carbon nanotubes was estimated XPS, which varied from 5.0 to 
8.3%.  
 
Table 3.2: Element concentration and concentration of pyridinic, quaternary and pyrrolic N (at%) 
in N-MWCNTs synthesized with 20%, 30%, 50% and 100% acetonitrile fraction. 
CH3CN 20% 30% 50% 100% 
Total C 89.8 89.4 88.7 90.1 
Total O 4.7 3.3 3.6 4.8 
Total N 5.5 7.3 8.3 5.0 
Pyridinic N 2.4 3 2.8 1.2 
Quaternary N 1.6 3.5 3.5 1.1 
Pyrrolic N 1.5 0.9 2.0 2.8 
N/C ratio 6.1 8.2 9.3 5.6 
 
 
The dependence of the nitrogen content in CNTs on the percentage of acetonitrile is presented in 
Table 3.2. It can be observed that the change in the N-doping content is associated directly with 
the proportion of N source acetonitrile in the feedstock. The total nitrogen content in nanotubes 
increases with the growth of acetonitrile concentration in the feedstock from 20% to 50%. 
Adding 50% acetonitrile dopes 8.3% of nitrogen into the carbon nanotubes. Acetonitrile contains 
ca. 34% nitrogen, higher amount of which in the feedstock should theoretically lead to higher N 
doping content, but the N content of N-CNT synthesized from pure acetonitrile show a lower 
concentration of N incorporation in practice, this may be explained that N incorporating in 
carbon nanotubes may be not favored at lower temperatures. A similar result was reported by 
Bepete et al. [171], that N doping concentration of N-CNTs produced by CVD was 0.36% at 
850 °C and which increased to 0.49% at 900 ºC.  
The XPS N 1s spectra 398.8 and 400.8 eV of samples can be interpreted as pyridinic, pyrrolic 
and graphitic nitrogen, as spectra of samples produced from decreasing percentage of acetonitrile 
shown in Fig. 3.4. The dominated peak located at 398.5 corresponds to pyridinic nitrogen, and 
the peaks at 400.1 and 401.4 eV are attributed to the pyrrolic and quaternary nitrogen, 
respectively. The concentration of various types of nitrogen sites in carbon nanotube structures 
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was determined by integrating corresponding XPS peaks, and the results are listed in Table 3.2. 
It is found that the concentrations of various nitrogen sites are increased with the total amount of 
N doping in nanotube structure. The concentration of quaternary nitrogen shows a more apparent 
growth compared with that of pyridinic and especially pyrrolic nitrogen. Chizari et al. [152] 
reported that the Fe catalyst led to the formation of N-CNTs with a higher amount of quaternary 
nitrogen compared with Co, Ni or Cu catalysts. However, the sample produced from pure 
acetonitrile presents an apparent high value of pyrrolic nitrogen (2.8at%), which may be 
explained that lower temperature is more effective for the formation of pyrrolic N. This trend is 
in accordance with the result by Sharifi et al. [27], who performed a similar study but at a lower 
temperatures, that nitrogen incorporation at high temperatures (800 ºC) mainly takes place by 
pyridinic and quaternary N forms, whereas at a lower temperature (700 ºC) the two main defects 
types are instead pyridinic and pyrrolic. This may because C atoms at higher temperatures have a 
higher diffusion rate, leading to the formation of the more stable graphitic nitrogen defect type 
[27]. 
It is well known that nitrogen atoms have an eﬀect on the structure of CNT walls, which 
normally present a compartmentalized bamboo structure [109]. Fig. 3.5 presents the TEM 
images of N-MWCNTs with varying N-incorporation concentration, which confirmed the 
formation of bamboo structure in a multiwall nanotube with N doping: the inner part of the 
nanotube is not hollow but contains bamboo-like compartments. According to Zhang and 
Nxumalo [99, 173], doping with N leads to more disorder in a CNT through an increase in the 
number of defects created. Sumpter et al. [174, 175] studied the growth of N-CNTs by means of 
experiment and density-functional theory (DFT) calculations; they found the curvature of N-
CNTs can be largely aﬀected while nitrogen atoms stabilizing neighboring pentagons in the CNT. 
The distribution of diameter, sidewall-number, and compartment distance were calculated from 
HRTEM images in Fig. 3.5 and presented in Fig. 3.6. 
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Fig. 3.5:  Low- (left) and high-magniﬁcation (right) TEM images showing bamboo-like N-
MWCNTs with N doping concentration of (a) 8.3, (b) 7.3, (c) 5.5 and (d) 5.0at%. 
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Fig. 3.6:  Statistic distribution of (a) diameter, (b) number of sidewalls and (c) distance of 
bamboo-like compartments of CVD-grown nitrogen doped multiwalled MWCNTs 
with a varying N concentration from 5 to 8.3%. The growth temperature of sample 1 
is 850 ºC, while that of sample 2-4 is 900 ºC. 
 
As shown in Fig. 3.6(a), both mean diameter and diameter distribution of N-CNTs grown at the 
same temperature decrease with the increasing of N concentration. The mean diameter of 
nanotubes with a higher N concentration (8.3%) is 15.7 nm, which decreased to 9.9 nm as the N-
doping concentration dropping to 5.5%. According to the statistics in Fig. 3.6(b), the number of 
outer walls in N-CNTs also decreased with N incorporation. A similar result was reported by 
Nxumalo et al. [101], they observed that the increase in the concentration of nitrogen containing 
hydrocarbons during the synthesis of N-MWCNTs results in an increase in the average outer 
diameter. However, carbon nanotubes with a lower N concentration of 5% grown from pure 
acetonitrile but still present a larger diameter. This difference may attribute to its lower growth 
temperature (60 ºC) compared with other samples. According to Aksak et al. [176], they also 
observed the average diameter of the CVD-grown carbon nanotubes decreased continually from 
20.4 nm to 10.5 nm as increasing the growth temperature from 850 to 925 ºC. As mentioned 
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before, N incorporation in nanotube lattice increases defects and unusual polygonal ends of 
nanotubes, and we confirmed that higher N concentration will bring more disorder and bamboo-
like compartments inside N-CNTs. The distance between bamboo-like compartments was 
calculated from TEM images, which continuously increased from 23.0 to 48.8 nm as the doping 
concentration decreased (see in Fig. 3.5(c)), a similar trend is also reported by Nxumalo [101]. 
Based on extensive characterization (SEM, TEM, and XPS) of our as-grown N-doped CNTs, the 
results of synthesis of N-MWCNTs can be summarized as follows: 
(i) The N-CNTs are multiwalled; the diameter of nanotubes ranges between 7 and 19 nm 
depending on the growth temperature as well as the content of N incorporation in the N-CNTs 
structure. 
(ii) Grown N-MWCNTs are vertically aligned, the length of the N-MWCNTs is increased with 
the reaction duration, and the CNTs stop to grow after 10 min with the mean array length of ~4 
µm. 
(iii) The TEM images reveal that the N-MWCNTs are not all straight, because of nitrogen atoms 
stabilizing neighboring pentagons in the CNT. 
(iv)  XPS measurements present the N-doping concentration of N-CNTs varied from 5 to 8.3at%, 
and the dominant N incorporation forms are quaternary and pyridinic N. 
(v) SEM and TEM images also show the CVD-grown carbon nanotubes are quite clean without 
contaminants of amorphous carbon on their surface. 
3.3. Conclusion 
Herein, vertically aligned nitrogen-doped carbon nanotubes were synthesized on the Si/SiO2 
substrate via chemical vapor deposition method by using the mixture of acetonitrile/ethanol as 
the feedstock. TEM observations indicated that the nanotubes are multiwalled and have 
compartmentalized bamboo structures. The diameter of nanotubes ranges from 7 to 19 nm 
depending on varying the N-source concentration; the length of the vertical MWCNT arrays is 
around 4 µm. To improve the yield and length of MWCNT arrays, the thickness of catalyst layer, 
synthesis duration, and growth temperature were optimized. It was also found that the optimal 
growth temperature of N-MWCNTs increased while ethanol was introduced into the precursor.  
XPS analysis demonstrated the presence of quantiﬁable amounts of nitrogen in CNT walls. The 
effect of varying the N-source concentration on the production of N-doped CNTs was studied, 
the study revealed that the N concentration in the N-MWCNT structure could be varied from 5 to 
8.3at%, and the highest N content was achieved by using 1:1 acetonitrile/ethanol as a feedstock. 
The three forms of N incorporation in CNT matrix (pyridinic, pyrrolic and quaternary) can also 
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be controlled through adjusting N-source concentration, and the dominating N incorporation 
forms in CNT are pyridinic and quaternary N because of high reaction temperature. 
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4. Horizontal alignment of CNT on surfaces 
Conventional nanomaterials synthesized through high-temperature chemical vapor deposition 
usually could not be utilized directly for fabricating nanoelectronic devices. A typical approach 
to fabricate CNTs based electronic devices is first to transfer CNTs onto a target substrate, and 
then to deposit electrical connections using standard microfabrication technology like 
photolithography [177]. Therefore, effective transferring nanomaterials onto various target 
substrates plays an important role in nanodevice fabrication in order to avoid harsh synthesis and 
fabrication steps, thus greatly reduces the complexity of fabrication and integration of 
nanomaterials. 
In this work, we mainly focus on tackling the challenge of controllably transferring vertically 
aligned CVD grown MWCNTs onto various substrates through a quite simple and rapid step. 
The method of “direct contact printing” was applied for a scalable and repeatable transfer and 
positioning of highly dense and aligned MWCNT arrays onto a wide range of substrates, 
including flexible sheets. The morphology of those printed parallel MWCNT-arrays has been 
characterized by means of scanning electron microscopy.  
4.1. Overview of CNTs transfer 
As mentioned above, most CNT-based devices can be fabricated using transferred CNTs 
followed by standard microfabrication processes. However, it is still a challenge for practical 
implementation of scalable and effective CNT transfer [177, 178], owing to small diameters and 
large van der Waals interactions between CNTs. In recent publications, several approaches, 
which are generally summed up into wet and dry methods, were reported to transfer CNTs 
networks or CNTs films onto a target substrate for various applications (Fig. 4.1).  
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Fig. 4.1:  A relationship diagram of wet and dry transfer methods. 
 
4.1.1. Wet methods 
The wet methods consist of dispersing CNTs in a liquid and then patterning from the liquid 
phase [179]. Multiple wet approaches have been used for depositing nanowires or carbon 
nanotubes in the recent study [179], such as drop casting [180], spin coating [181, 182], spray 
coating [182, 183], dip coating [179, 181] and inkjet printing [184-186]. The wet method is 
characterized as an attractive option for simply obtaining randomly networks or thin films of 
CNTs on various types of substrates, such as flexible and other planar substrates [181-190]. 
However, there still are a variety of existing problems for transferring and patterning CNTs 
through a liquid phase. To get into wet methods more deeply, the most common approaches will 
be introduced in this chapter in detail.  
4.1.1.1. Drop casting  
Drop casting is one of the most common ways to transfer nanostructures by depositing 
consecutive drops of their dispersed suspension onto the surface of the target substrate. Drop 
casting can be applied to transfer various nanostructures, such as SWCNTs, MWCNTs, graphene, 
and nanowires, etc. This method is quite simple and easy to operate and can be adapted for both 
rigid and flexible substrates. Pu et al. [180] reported drop-casting graphene on both polyethylene 
terephthalate and flame retardant woven glass reinforced epoxy resin substrates through a quite 
easy approach.  
During drop casting process, a well-known phenomenon denoted as the “coffee ring” effect was 
reported by Deegan and co-workers [191, 192], which occurs as a droplet of aqueous colloidal 
suspension drying on a wettable substrate [186]. This phenomenon also happens when drop-
casting CNTs from their suspensions [193]. When CNTs suspension is dropped onto a substrate, 
suspended CNTs tend to move towards the edge of the droplet during the solvent evaporation, 
because evaporation rate is the highest at the edge [186]. The “coffee ring” effect causes 
inhomogeneous deposition of CNTs that a higher density of nanotubes distributes at the edges 
compared with the center. To limit the “coffee ring” effect, various methods, including heating 
the substrate and treating the substrate surface, are applied for obtaining a uniform distributed 
CNTs networks and films, but which is still difficult to be fully avoided [193]. 
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Fig. 4.2:    Schematic and brightfield microscope image of the “coffee ring” effect, that deposits 
formed from evaporating drops containing particles [194]. 
 
4.1.1.2. Spray coating 
Spray coating is a simple deposition technique for the formation of randomly aligned CNT 
network or film, which consists of spraying solution of nanomaterials onto various substrates 
through a nozzle [183]. Spray coating allowed for the rapid production of thin films in large 
areas on a variety of substrates, even on high topography substrates [178]. Zhang et al. [195] 
utilized spray coating to deposit CNTs onto carbon fiber prepregs for network formation.  
Like drop coating, spray coating also faces the “coffee ring” effects, which could be avoided 
through heating or adapting the distance between the sample surface and the nozzle [196]. 
Compared with conventional drop casting, spray coating method can deposit more minute 
droplets, which require shorter evaporation time, thus leads to the limitation of “coffee ring” 
effects. Therefore, spray coating has more potential to generate a dense and homogeneous 
coating of a large area with good quality and reproducibility of the patterns [196].  
4.1.1.3. Spin coating 
Spin coating is the process of evenly coating a spinning substrate with a solution, which is 
widely used for photoresist coating in microfabrication and recently have been reported to 
deposit uniform a thin film of various nanostructures with a nanoscale thickness [181]. Jo et al. 
[197] reported a dense network of SWCNTs fabricated by spin coating method when 
oligothiophene-terminated poly(ethylene glycol) was used as a non-ionic and amphiphilic 
surfactant.  
The advantage of spin coating is deposition of very uniform films of nanostructures quickly and 
easily, besides, the thickness can be determined by spinning speed, acceleration and solidifying 
condition [181]. However, the use of the spin coating is limited to structures without high 
topography. Like drop casting, the spin coating also faces the “coffee ring” effect during the 
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evaporation process, therefore, baking is always applied after spin coating in the area of 
microfabrication. 
4.1.1.4. Dip coating 
Dip coating is a simple and popular way of depositing a thin film, through dipping a substrate 
into a coating solution and then withdrawing from the solution at a controlled speed [181]. Mirri 
[179] et al. produced thin conductive films based on CNTs by dip coating. The film thickness 
through dip coating can be controlled by adapting the withdrawal speed as well as the solution 
concentration. It was reported that faster withdrawal speed and higher CNT concentration 
resulting in thicker ﬁlms, because a faster withdrawal speed pulls more fluid up onto the 
substrate before flowing back down into the solution [179, 181]. However, to produce high-
quality and uniform coatings with dip coating, more precise control of withdrawing speed and 
the super clean environment is required. 
4.1.1.5. Ink-jet printing 
Recently, ink-jet printing has drawn signiﬁcant attention for deposition of nanostructures, owing 
to its high efficiency, utilization and resolution [184, 198]. Compared with other traditional wet 
methods, ink-jet printing is more suitable for industrial-scale production [184]. Kwon et al. [187] 
reported a homogeneous conducting film based on MWCNT deposited on paper by using a 
commercial ink-jet printer. Taishi et al. [184] fabricated SWCNT thin film transistors on plastic 
substrates using the ink-jet printing method. Huang et al. [199] also reported that ink-jet printing 
processes were used to print various graphene-based patterns on diverse flexible substrates, 
including paper, Polyethylene terephthalate (PET) and polyimide foils. 
To print high quality patterns, it is essential to produce good quality CNT ink, which requires a 
low surface tension and viscosity to possess proper fluidic characteristics [193]. Therefore, the 
inks currently employed are normally based on volatile solutions containing nanostructures [198]. 
However, the inks contained volatile organic solvents and toxic materials are prone to 
introducing defects or impurities on the substrate [198]. Due to the high surface area to volume 
ratio of CNTs, large van der Waals forces between carbon nanotubes lead to agglomeration [193], 
the tangled and coiled bundles of which can easily block the small nozzle of an ink cartridge in 
ink-jet printer [187]. Since the development of commercially available and bioactive CNT ink is 
a big challenge, the potential application of ink-jet printing is still limited in the area of CNT 
device fabrication [198].  
In summary, wet methods hold many advantages for depositing and patterning CNTs, which not 
only allow a rapid printing process at low cost, but also requires no post processing steps or 
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prefabrication of templates [193]. All these advantages make wet approach conducive to 
industrial and commercial production, especially spray and dip coating, which is suitable for 
scale up and can be adapted to high-throughput coating processes [179].  
However, transferring CNTs through a liquid phase is inevitable to apply CNT dispersions. As is 
known, CNTs are subject to relatively large van der Waals forces because of high aspect ratio, 
which makes them stick together and form large bundles [196, 200]. Besides, CNTs are quite 
difficult to disperse in a liquid, therefore, wet methods rely on the use of dispersants and 
sonication to assist the dispersion of individual nanotubes inside the suspension [179, 196]. 
Dispersants used in carbon nanotube suspensions absorb strongly on the surface of CNTs and are 
very difficult to remove, thus form a physical barrier around the carbon nanotubes and affect the 
electrical properties of CNT-based device [179, 193]. Sonication stabilizes CNTs dispersion, but 
which also can shorten carbon nanotubes and cause defects [193]. Defects negatively affect the 
inherent conductivity of the carbon nanotubes; and shortening CNTs leads to decreasing 
conductivity of CNT networks, because which not only reduces the probability of forming long 
electron pathways but also increases the amount of CNT-CNT junctions per unit area [179, 201, 
202]. Additional, “coffee ring” effect significantly hinders the formation of uniform patterns 
during the evaporation process of wet method. Although some modified wet methods, especially 
spray coating or ink-jet printing, have been applied to diminish the effect, which remains an 
unavoidable problem. Therefore, aligned individual CNTs arrays with a controllable orientation 
are difficult to transfer and pattern through this approach.   
4.1.2. Dry methods 
As an emerging way for nanostructures transferring, dry methods don’t require dispersants and 
sonication during the entire process, thus allowing for better contact between carbon nanotubes.  
4.1.2.1. Soft lithography 
Soft lithography is a non-photolithographic technique for microfabrication that uses an 
elastomeric stamp (e.g. poly-dimethylsiloxane, PDMS) to transfer patterns to a target substrate 
[203, 204]. Recently, soft lithography began to be used combining with wet methods for inking 
rubber stamps with various nanostructures, and then which was transfer printed onto different 
types of target substrate [189]. Meitl et al. [189] combined drop casting and soft lithography 
together to transfer collections of individual SWCNTs onto a wide range of substrates, including 
plastic sheets.  
Soft lithography holds a variety of advantages, like quite simple, inexpensive and accessible, 
which does not need protected laboratory environment, complex laboratory facilities and high-
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energy radiation [203]. Moreover, soft lithography method offers high resolution, which can be 
used to transfer high-quality patterns with lateral dimensions from ~30 to 500 mm [203]. The 
common stamp material PDMS is homogeneous, chemically inert and biocompatible [196], 
which can be used over 100 times without noticeable degradation in performance [203, 205]. 
Therefore, soft lithography has expanded rapidly over the last ten years [204].   
4.1.2.2. Transfer printing   
A traditional fabrication approach for nanodevice is first to place nanomaterials on a target 
substrate and then to add electrical connections. But transfer printing is a quite new and specific 
method which can directly transfer components or monolithic as-fabricated CNT devices onto 
various target substrates, including both rigid and flexible substrates  [177, 178, 206].  
 
 
Fig. 4.3:  Transfer-printing process flows for CNT devices onto non-conventional substrates 
reported by Thanh [177]: (a) the CNT devices are pre-fabricated on a 
Si/SiO2 substrate, (b) PMMA is spin-coated on the device, (c) SiO2 is etched, (d) and 
the PMMA/CNT-device film floats in the water bath, (e, f) the PMMA/CNT-device 
film is flipped over and placed on a foreign substrate, (g, h) PMMA/CNT-device film 
is printed on a non-conventional substrate followed with dissolution of PMMA.  
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Thanh et al. [177] reported a printing approach of complete transferring as-fabricated CNT 
devices from SiO2 substrate onto various non-conventional substrates, as shown in Fig. 4.3. 
PMMA was applied as a carrier substrate and firstly spin-coated on CNT devices. Secondly, a 
sacrificial SiO2 layer was etched away via submerging the whole structure in a buffered oxide 
etch (BOE) solution. Then the PMMA/CNT-device film was released and floated freely on the 
surface of the BOE bath. The target substrate could be placed underneath the floating PMMA-
CNT devices in the water bath and lifted up. The PMMA/CNT-device film can be either used as 
a stand-alone device or transfer-print it onto a new substrate. 
Due to the integration of fabrication process of CNT device, transfer printing method is more 
difficult and complicated compared with simple wet methods as well as soft lithography. 
Although transfer printing provides an emerging approach to generate complex three-
dimensional structures, which requires the use of sacriﬁcial resists or etching procedures [178, 
207, 208]. For many nanomaterials, like Si or metal oxide nanowires, functionalized or doped 
CNTs, their structures can be destroyed by this type of printing process and thus degrade of their 
electrical properties. In addition, transfer printing process also strongly relies on the surface 
chemistry of substrate material, which also limits its application.  
4.1.2.3. Direct contact printing 
Direct contact printing is an efficient strategy for directly transferring and patterning 
nanostructures from their growth substrate to different types of target substrates. An appropriate 
contact between the surface of the growth and target substrate is the key to its success [203], 
therefore, an external pressure is necessary to be applied to provide intimate contact at the 
interface between the growth and target substrates [209]. 
Direct contact printing allows the horizontally aligned CNT arrays to be created and patterned, 
but good alignment partially relies on the synthesis of high-quality vertically aligned CNTs 
arrays grown on the surface of the growth substrate. As the recent development of 
nanotechnology, the synthesis of controlled and uniform assembly of CNTs was comparatively 
developed. Therefore, direct transfer printing CNTs from their growth substrate is rapidly 
becoming important in CNT electronics applications [209]. Kim et al. [210] transferred vertically 
aligned CNTs from a chemical etching anodic aluminum oxide surface to Pt coated Si substrate 
via direct contact printing method. Fan et al. [211] reported wafer-scale assembly of highly 
ordered arrays of semiconducting nanowires were directly contact-printed onto complex 
structural configurations on SiO2 substrates. 
The primary beneﬁt of contact printing in comparison to other established processes for transfer, 
is that the process is performed completely in the dry state [208]. Due to no requirement of 
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chemical and physical treatment as well as sonication and vacuum processing, direct contact 
printing method minimizes the risk of contamination or process-induced damage [183]. 
Compared with soft lithography and transfer printing technology, this process is simpler, quicker, 
less destructive, scalable to large areas, and able to successfully assemble highly aligned and 
dense CNT parallel arrays [211]. Moreover, direct contact printing also offers low temperature 
processing, wide compatibility with various substrates, availability of no-mask patterning and no 
requirement of the extra clean experimental environment [183].  
4.2. Results and discussion 
In this study, direct contact printing approach was applied for transferring and patterning 
horizontally highly-aligned multiwall CNTs onto the surface of various rigid and flexible target 
substrates, including Si/SiO2, quartz, glass and Kapton® polyimide. After transfer process, for 
the fabrication of electronic chemiresistive devices, metal interdigitated electrodes were 
deposited across to the alignment of CNTs and served as low-resistance leads.  
The “ink” for the direct contact printing consists of a dense “forest” of vertically aligned N-
MWCNTs with the height of ~4 μm, which were synthesized by chemical vapor deposition on 
Si/SiO2 substrates. No requirement of super clean experimental environment or expensive 
equipment, the complete transfer process was operated readily at room temperature in open air. 
The whole procedure of our direct contact transfer process was detailed described in section 
2.2.3. 
Up to now, knowledge about CNT alignment observed on the large-scale is very limited [212, 
213], the main issue is a difficulty to observe nanostructures at a micrometer scale [186]. SEM is 
a useful technique, which requires minimal sample preparation and provides versatile 
information of nanostructures garnered from different detectors. However, one drawback of 
SEM is that the samples are required to be conductive solids. Insulating substrates like glass, 
quartz, and polyimide foils are extremely difficult to be characterized by SEM. Due to these 
reasons, Si/SiO2 is predominantly applied as the target substrate in this chapter exclusively for 
analyzing the morphology and distribution of CNTs if there is no specific mention. Other 
insulated substrates, like glass and polyimide foil, also were characterized by SEM after metal 
interdigitated electrodes are patterned on top.  
To compare the difference between drop casting and direct contact printing, a growth substrate 
with a high-quality alignment of CVD grew MWCNTs shown in Fig. 4.4(a), was cut into two 
identical pieces, one was drop-casted (after dispersing in 1% SDS water solution) onto the 
Si/SiO2 target substrate (see Fig. 4.4(b)), and the other was directly transferred through contact 
printing approach (Fig. 4.4(c)).  
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Fig. 4.4:   Comparison of morphologies of nanotubes (a) before and after the transfer process 
through (b) drop casting and (c) direct contact printing methods. (a) Scanning 
electron micrographs of close-packed arrays of N-MWCNTs on a large region of 
Si/SiO2 growth substrate. (b) SEM images of inhomogeneous network of N-
MWCNTs transferred on Si/SiO2 target substrate through drop casting N-
MWCNTs/SDS dispersion. (c) SEM image of regular array assembly of isolated N-
MWCNTs located on a large area of Si/SiO2 target substrate which was transferred 
from the growth substrate through direct contact printing with an external pressure of 
~3 kPa. 
 
Fig. 4.4(b) and its insert show highly random and inhomogeneous network of highly entangled 
MWCNTs through drop casting. This non-uniform distribution often happens by using drop 
casting method, because suspended CNTs tend to agglomerate during the evaporation of a 
solvent. In addition, relatively large particles of impurities were also observed in Fig. 4.4(b), 
which may be introduced during the chemical treatment process of CNTs for assisting the 
dispersion of individual nanotubes inside the suspension. Once transferred CNTs are well-
deposited on the target substrates, it is scarcely possible to remove those impurities from the 
surface. However, transferred CNT arrays for the purpose of integrating with electronic devices 
are required to be clean and undamaged for obtaining good electronic properties [189]. Therefore, 
all wet transfer methods, like drop casting, dip coating, and spray coating, have high requests for 
the extremely clean experimental environment because foreign instances are quite easy to be 
brought.  
In Fig. 4.4(c), uniform and highly dense parallel arrays of N-MWCNTs were transferred and 
assembled over the entire area of the target substrate after the contact with the growth substrate. 
During this printing process, a pressure of 3 kPa was exerted at the interface for maintaining an 
intimate contact between the growth and target substrates. The higher magnification image in the 
inset of Fig. 4.4(c) shows that the lengths of those isolated and aligned nanotubes are mainly 
larger than 3 µm (the interspacing distance of interdigitated electrodes), as expected, which 
a b c 
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means most these patterned nanotubes can directly bridge two electrodes of our chemiresistive 
devices for gas- and bio-sensing. Above all, direct contact printing of CVD-grown MWCNTs 
outperforms solution-deposited CNTs because of their highly uniform and aligned formation 
over a large surface area. 
During the contact printing, vertically aligned MWCNT structures were “toppled” over while 
making an intimate contact between the interface of the growth and target substrate by exerting 
an additional pressure on the interface. Schematic diagram of this process is presented in Fig. 4.5 
(a). Some carbon nanotubes were released from the growth substrate and anchored on the surface 
of the target substrates by the van der Waals interactions (see Fig. 4.5(d)), while the rest of 
nanotubes were left on the growth substrate (Fig. 4.5 (c)); which probably attributes to relatively 
strong interaction between the bottom of MWCNT and the growth surface. From the mechanism 
of direct contact printing, it can be summarized that the surface density of as-grown CNT arrays 
and the mechanical link due to pressure play an important role for the scalable and repeatable 
formation of highly aligned horizontal N-MWCNT arrays with controlled surface coverage.  
 
 
Fig. 4.5:  (a) Schematic presentation of the direct contact printing process of CVD grown 
MWCNTs. (b, c) SEM image of N-MWCNTs synthesized from pure acetonitrile 
grown on a Si/SiO2 substrate before (b) and after (c) contact-printing process. (d) 
SEM image of the alignment of N-MWCNTs transferred onto Si/SiO2 target substrate. 
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The external pressure applied during contact-printing process is 2 kPa. (The scale of 
data-bar is 1 μm.) 
 
4.2.1. Stability and scalability 
In order to fully utilize those CNTs remaining on the growth substrate after the first transfer, we 
reused the growth substrates. The maximum feasible reutilization times of a growth substrate for 
direct contact printing were studied: an as-grown growth substrate (Fig. 4.6(a)) was utilized for 
direct contact printing for eight times under the same experimental condition, and the 
morphology of transferred CNTs is presented in Fig. 4.6(c). It can be seen that direct contact 
printing presents a good reproducibility over experiments. However, the amount of transferred 
MWCNTs and mean nanotube’s length decreases with the number of reutilization time of the 
growth substrate. As shown in fig, 4.6(b), the mean length of transferred N-MWCNT arrays 
decreased from 6 to 2.5 µm, approximately. After reutilizing the growth substrate over 5 times, 
the uniformity of the MWCNT arrays on the growth substrate was diminished successively, thus 
leads to the lower transfer efficiency; and the shortening of CNTs probably be attributed to over-
intimate contact and repeating mechanical friction of the interface between the growth and target 
substrate. For this reason, growth substrates were reused not more than 5 times in later 
experiments for guaranteeing sufficient length of transferred nanotubes which can directly bridge 
two metallic microelectrodes. 
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Fig. 4.6:    (a) Top view (SEM image) of N-MWCNTs synthesized from pure acetonitrile grown 
on a Si/SiO2 substrate before contact-printing process. (b) The length distribution of 
transferred N-MWCNTs on target substrate Si/SiO2 plotted as a function of cycle 
numbers. (c) SEM images of horizontally aligned N-MWCNTs on Si/SiO2 target 
substrate, which were repeatedly transferred from a same MWCNT sample for 1-8 
times. (The scale of data-bar is 2 µm.) 
 
4.2.1.1. The influence of external pressure 
To study the influence of external pressure at the interface between the growth and target 
substrate on the effect of contact printing process, a growth substrate with highly dense N-
MWCNT arrays was cut into four pieces. Different external pressures varying from 0.5 to 3.0 
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kPa were applied for keeping intimated contacts at the interface between the growth and target 
substrates. Fig. 4.7 shows the alignment of those transferred N-MWCNTs: isolated nanotubes, 
aligned arrays as well as thin films of CNTs were patterned respectively with the direct contact 
printing method with an increasing external pressure. In Fig. 4.7(a), an isolated carbon nanotube 
contact-transferred onto the target substrate at the lowest external pressure of ~0.5 kPa is shown. 
Fig. 4.7(b) exhibits parallel CNT arrays consisting of individual CNTs or small CNT bundles 
assembled on the substrate at an increasing pressure of ~1.0 kPa and oriented predominantly 
along the printing direction. As the external pressure further was increased above 2.0 kPa, 
printed CNT bundles were connected together to form thin, uniform and well-aligned MWCNT 
films on the Si/SiO2 target substrate, as shown in Fig. 4.7(c,d). According to Fig. 4.7, it is clearly 
demonstrated that the surface density of directly contact-printed CNTs can be varied from a few 
tubes per square micron to a multilayer CNT film through adjusting the pressure exerted at the 
interface between the growth and target substrates.  
 
 
Fig. 4.7:   SEM images of transferred N-MWCMT arrays onto Si/SiO2 target substrates via 
direct contact printing with different pressure of (a) 0.5, (b) 1.0, (c) 2.0, and (d) 3.0 
kPa extered on the interface between the growth and the target substrates. (The scale 
of data-bar is 1 µm.) 
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4.2.1.2. The influence of surface density  
It is well-accepted that CVD method is quite a sensitive way of synthesis of CNTs in which the 
surface density of CNTs is determined by a variety of parameters, such as chemical composition, 
reaction temperature, geometrical features of the catalyst particles and other [214]. Through this 
specific character of CVD synthesis, the density of as-grown vertical CNT arrays can be 
optimized to improve the scalability of the contact-printing process. SEM images in Fig. 4.8(a-c) 
present the morphology of CVD grown N-MWCNT arrays with a varying surface density grown 
on the substrate. The arrays are composed of thousands of carbon nanotubes, which are difficult 
to quantify. In order to quantitatively characterize the surface density of as-grown CNT arrays, a 
“pixel comparison” approach by Dr. H. Yang was introduced to calculate the coverage of surface 
through comparing the number of black and white pixel in the high-contrast SEM image of 
nanotubes. Because of a much higher conductivity of CNTs compared with Si/SiO2 substrate, 
carbon nanotubes are always presented more bright (almost white) than their background in SEM 
images. Therefore, the coverage of nanotube can be represented by the coverage of white pixel in 
high-contrast SEM images. According to this “pixel comparison” method, the surface coverage 
of nanotubes in SEM images from Fig. 4.8(a-c) is ~24.8 % in (a), ~17.3% in (b) and ~1.6% in (c), 
respectively, which shows an obvious downward trend. During the transfer process, the same 
pressure was exerted at the interface of the growth and target substrates to investigate the 
influence of coverage of nanotubes on the direct contact printing. The scanning electron 
micrographs of transferred CNTs are presented in Fig. 4.8 (d-f). The coverage of nanotubes in 
Fig. 4.9 (d-f) was also obtained through “pixel comparison” approach, which gives ~0.9, ~0.8, 
and ~0.2%, successively. It clearly indicates that a lower coverage of surface at growth substrate 
leads to a lower amount of resulting CNTs after the direct contract printing. 
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Fig. 4.8:   (a-c) SEM images of vertical N-MWCNTs grown on the Si/SiO2 substrates via CVD 
method which have various coverage of nanotubes: (a) 24.8%, (b) 17.3% and (c) 
1.6%, respectively. (d-f) SEM images of resulting horizontal N-MWCNTs transferred 
from the growth substrate (a-c) to the target Si/SiO2 substrates, the coverage of 
surface in (d-f) is 0.9%, 0.8% and 0.2%, respectively.  (The scale of the data-bar is 2 
μm.) 
 
Above all, direct contact-printing approach shows high stability and reproducibility, which 
allows a good density control and nanotube alignment. However, SEM images shown above also 
indicate that it is difficult to improve the surface coverage of transferred MWCNTs on the target 
substrate, small bundles often forms due to agglomerating when contact printing is performed, 
which may attribute to poor interactions between Si/SiO2 and nanotubes Thus, surface 
modification of target substrate was applied to improve the interactions between nanotubes and 
target substrates. 
4.2.2. Chemical functionalization of target substrates 
The direct contact printing for vertically aligned N-MWCNT ﬁlms described here is based on the 
principle that van der Waals interaction between vertically grown nanotube films and the target 
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substrate is greater than the van der Waals interaction and bonding strength of the nanotubes to 
the growth substrate [208]. Therefore, this printing method is strongly influenced by adhesion 
energies between different substrates [207, 215]. Hines et al. [207] described the physical insight 
of this adhesion strength with Dupré equation: 
  
                                                                                                                              (4.1)                                                                                                                 
Where   
   is the interfacial binding energy between materials A and B,        is the surface free 
energy of A (B), and     is the interfacial free energy [207, 216]. According to this equation, 
transfer of material A from substrate B to substrate C requires:  
  
     
                                                                                                                                    (4.2)                     
During this process, two materials which both have either strong dispersive (oleophilic) or strong 
polar (hydrophilic) components are likely to adhere well [207]. Therefore, specific chemical 
treatments on the target substrates strongly influence the direct contact printing of carbon 
nanostructures. Pint et al. [208] reported that surface roughness (commercially available 
polymers with microscale roughness) and surface potential influence CNT transfer process. Fan 
et al. [211] also reported that chemical modification of -NH2 terminated monolayers on the 
surface of Si/SiO2 substrates can improve the density of transferred nanowires. 
In our study, octadecyltrichlorosilane (C18H37SiCl3) (ODTS) was applied to chemically modify 
the surface of target substrate Si/SiO2. ODTS is an amphiphilic molecule consisting of a long-
chain alkyl group (-C18H37) and a polar head group (-SiCl3), which is widely used to chemically 
modified various oxide substrates [217]. During the treatment process, ODTS formed a self-
assembled monolayer on a SiO2 surface and the alkane chains changed the property of the SiO2 
dielectric layer from hydrophilic to hydrophobic character [217]. Contact angles of target 
substrate before and after ODTS modification were presented in Fig. 4.9, measured by dropping 
casting a water droplet with a volume of 10 µL on as-prepared and ODTS-treated target substrate 
Si/SiO2, respectively. The contact angle increased from 34.6º to 79.1º after ODTS chemical 
treatment, indicating the formation of ODTS self-assembled monolayer has changed the property 
of Si/SiO2 surface from hydrophilic to hydrophobic state.  
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Fig. 4.9:    Water contact angles of target substrate Si/SiO2 (a) before and (b) after ODTS surface 
modification (The volume of the droplet is 10 µL). 
 
The contact angles and surface free energies of the SiO2 after ODTS surface treatments were also 
reported by Lim et al. [217] and listed in Table 4.1. According to Lim, ODTS-treated SiO2 
substrate exhibited smaller surface free energy, indicating hydrophobic states. As described 
above, two materials which both have either strong hydrophobic or hydrophilic components are 
likely to adhere well during the contact-printing process. The SiO2 surface can be characterized 
as polar (hydrophilic), whereas ODTS-treated SiO2 surface can be characterized as dispersive. 
When ODTS was introduced onto a Si/SiO2 surface, the hydrophilic head was absorbed onto 
SiO2 layer, while its hydrophobic tail can be adsorbed at the surface of touching carbon 
nanotubes, which improves the adhesion strength of nanotubes to the Si/SiO2 surface. 
 
Table 4.1: Contact angle and surface free energy for SiO2 substrates before and after ODTS 
surface treatment reported by Lim [217]. 
Surface treatment 
Contact angle Surface free 
energy (mJ/m2) D.I. water Glycerol Di-iodomethane 
as-prepared 35.72º 22.44º 25.19º 61.37 
ODTS-treated 78.98º 81.14º 43.92º 28.05 
 
 
To study the role of ODTS surface modification of the target substrate on direct contact printing, 
a growth substrate was cut into two pieces and used for direct contact printing under the same 
experimental conditions. SEM was applied to compare the morphology of horizontal MWCNT 
printed on the non-treated or ODTS-treated Si/SiO2 substrate, as shown in Fig. 4.10.  
4. Horizontal alignment of CNT on surfaces 
- 62 - 
 
Without ODTS coating, the target substrate in Fig. 4.10(a) presents randomly aligned individual 
nanotubes with a very low surface density. However, the surface coverage of printed CNTs in 
Fig. 4.10(b) was significantly increased after chemical modification of the surface of target 
substrate with ODTS, indicating improved adhesion strength of nanotubes on Si/SiO2 surface. 
However, ODTS treatment also can influence the electronic performance of CNTs, as shown in 
Fig. 4.10(b). The SEM contrast of CNTs was significantly decreased due to the formation of 
ODTS self-assembled monolayer, which may be suggested that ODTS molecules absorb on the 
surface of CNTs and form a physical barrier around the carbon nanotubes, leading to a relative 
decrease in conductivity of nanotubes.  
 
 
Fig. 4.10:  SEM image of N-MWCNTs directly contact-printed at 5 kPa on the surface of 
Si/SiO2 substrate without (a) or with (b) ODTS treatment. (The scale of the data-bar 
is 5 μm.) 
 
In the field of electronics, Si/SiO2 is a common material for a device substrate, because it 
consists of an insulating layer covering the conducting layer, which can be used for back-gated 
FET. However, carbon nanotubes adhered weakly to SiO2, and an external pressure is required 
for the efficient direct contact printing. Chemical treatment with ODTS can modify the 
hydrophilic nature of SiO2, but it also influences the electronic properties of nanotubes. In 
addition, insulating SiO2 layer on Si wafer can easily be scratched during contact printing 
process because of close contact with growth substrate, which causes serious leakage in 
fabricated devices. Therefore, other insulating substrates, such as quartz, glass and polyimide foil 
were applied as target substrates for transferring and integrating CNTs into electronic devices 
(chemiresistor-type sensors) in this study. 
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4.2.3. Other insulated target substrates 
In this study, insulating substrates were found to be appropriate for the use as support substrates 
for the fabrication of CNT-based chemiresistor bio- and gas- sensors, which requires no gate 
electrodes. However, one key drawback of insulating substrates is that carbon nanotubes 
deposited on them are extremely difficult to observe in SEM. To solve this problem, these 
substrates were characterized by SEM after the deposition of metal interdigitated electrodes onto 
the CNT-printed substrates, which improved the conductivity of the whole system. The 
interdigitated electrodes consist of ~3 nm Cr layer at the SiO2 surface and ~50 nm Au layer on 
top, which were deposited through photolithography and thermal evaporation method. The detail 
of the fabrication process can be found in chapter 2.  
4.2.3.1. Quartz  
Quartz was first applied for the replacement of Si/SiO2, because it has similar surface chemistry 
to the thin SiO2 layer on Si/SO2 wafers. Moreover, CNT-based devices fabricated on quartz are 
fully transparent that holds the potential to apply them in transparent circuits and transparent 
displays.  
 
 
Fig. 4.11:  SEM images of (a) regular array assembly of N-MWCNTs and (b) a single N-
MWCNT printed on the quartz substrate partially covered by deposited Cr/Au 
(3nm/50nm) interdigitated electrodes with an interspacing distance of ~3 µm.  
 
The SEM images of the aligned N-MWCNT contact-printed on a quartz substrate are shown in 
Fig. 4.11. It is demonstrated that the adhesion of nanotubes on target substrate is strong enough 
to sustain the sonication and other chemical treatments during microfabrication process for 
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depositing interdigitated electrodes. Lower magniﬁcation SEM characterization of Fig. 4.11(a) 
presents the alignment of the MWCNT bundles in the arrays perpendicular to the interdigitated 
electrodes. Fig. 4.11(b) shows a higher magniﬁcation image of an individual carbon nanotube 
bridging two metal electrodes, and the ends of which were covered by the Cr/Au layer. As shown 
in Fig. 4.11, the surface density of nanotubes can be varied from a single nanotube to CNT 
bundles by altering the nanotube surface on growth substrates as well as external pressure during 
mechanical contact between the growth and target substrate.  
4.2.3.2. Glass 
Compared with quartz, the glass substrate is cheaper and also transparent. Replacing quartz with 
glass primarily aimed at reducing the cost of device fabrication. Fig. 4.12(a) shows the SEM 
image of a large coverage of highly dense and uniform N-MWCNTs alignment printed on the 
surface of glass substrate. The higher magnification image in Fig. 4.12(b) shows two electrodes 
with an interspacing distance of 3 µm are bridged by MWCNT arrays. Due to high surface 
density, some nanotubes in Fig. 4.12 are in contact with other nanotubes, while some nanotubes 
are completely isolated without having a contact with any other CNT. 
 
 
Fig. 4.12:  (a) SEM image of  a large region of uniformly printed N-MWCNTs arrays coated 
with Cr/Au (3nm/50nm) interdigitated electrodes (interspacing distance of 3 µm) on 
a glass substrate. (b) Higher magnification SEM image of N-MWCNT arrays 
bridging two neighboring interdigitated electrodes.  
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4.2.3.3. Polyimide film 
Recently, an interest in electronic devices on flexible substrates arose extremely owing to higher 
mechanical robustness, which can apply in the areas of wearable, hand-held and portable 
consumer electronics [198, 206]. Among a different variety of active sensing materials, CNTs 
are very suitable for flexible electronic devices because of their high conductivity and current 
carrying capacity, as well as excellent mechanical properties and structural stability [200, 218]. 
In our work, Kapton® polyimide film was applied as the target substrate for the fabrication of 
flexible CNT-based chemiresistor-type sensor devices. 
Not like SiO2 surface which is characterized as polar, organic surface like Kapton® polyimide 
film can be characterized as dispersive [207]. It has reported that CNTs have stronger adhesion 
to materials with dispersive surfaces than with polar substrate [207]. In this case, a less 
mechanical pressure is required to exert at the interface between the growth and target substrates. 
 
 
Fig. 4.13:  SEM images of N-MWCNTs arrays printed on polyimade films (a) without or (b) 
with the coverage of Cr/Au (3nm/50nm) interdigitated electrodes. 
 
As shown in Fig. 4.13(a), excellently aligned and dense N-MWCNT arrays were contact-printed 
onto the polyimide film, and they can be nicely seen without depositing metal interdigitated 
electrodes. Fig. 4.13(b) presents the SEM image of those highly dense and uniform parallel N-
MWCNTs arrays, which were covered by Cr/Au interdigitated electrodes with an interspacing of 
3 µm. The N-MWCNT arrays consist of uniformly distributed individual N-MWCNTs with a 
well-defined direction. Ishikawa et al. [206] reported that the use of massively aligned CNTs 
enabled the flexible devices to exhibit high performance in contrast to random CNTs networks, 
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including higher mobility, lower power consumption, higher switching speed and better 
mechanical flexibility.  
4.3. Conclusion 
In this chapter, “direct contact printing” method was developed, which can scalably transfer 
uniform and highly dense parallel arrays of CNTs onto various target substrates, including 
flexible sheets. The surface density of printed MWCNTs can be varied from few tubes per square 
micron to multilayer of the MWCNTs film by optimizing the surface density of as-grown 
MWCNTs as well as mechanical liking due to external pressure and surface functionalization. To 
improve interaction between nanotubes and target substrates, ODTS chemical treatment was 
applied to form a self-assembled monolayer on the surface of oxide substrate, which alters the 
properties of substrate from hydrophilic to hydrophobic state and improves the adhesion of 
nanotubes on target substrates.  
By using contact printing method, we have transferred well-aligned MWCNT arrays onto both 
rigid and flexible substrates with a large coverage, such as Si/SiO2, quartz, glass and Kapton® 
polyimide foils. Without a requirement of CNT functionalization or sonication, contact printing 
method can be achieved completely in a dry condition under room temperature, which offers the 
possibility of fabricating reliable and stable CNT based electronics. 
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5. Performance of N-MWCNTs based biosensor  
Avian influenza virus, especially H5N1 has become nowadays a very dangerous pathogen 
threatening not only for poultry. Highly pathogenic AIV H5N1 can infect people and can be 
transmitted from human to human that can have disastrous implications for public health [219, 
220]. High-sensitive and rapid detection of H5N1 infection would allow early antiviral therapy 
and control the outbreaks [221-223]. However, the most commonly used detection techniques are 
laborious, time-consuming, or require specialized laboratory facilities and well-trained technical 
personnel, which greatly limit their application in clinical tests [224-226].  
Herein we developed a label-free chemiresistor DNA sensor based on N-MWCNTs for highly 
sensitive and fast detection of AIV subtype H5N1 DNA sequences at room temperature. Our 
CNT chemiresistor DNA sensor is not only low-cost and highly sensitive, but also flexible that 
can be easily integrated into portable devices.  
In this chapter, avian influenza virus itself and a review of its detection methods will be briefly 
introduced; the chemiresistor CNT-based DNA sensor developed by us will be introduced; the 
CNT functionalization with probe DNA as well as the sensing performance of the sensor in 
detecting the DNA sequence of AIV H5N1 virus from 0 pM to 2 µM will be discussed in detail; 
additionally, the repeatability and selectivity of the DNA sensors will be studied. 
5.1. Overview of AIV detection 
5.1.1. Avian influenza virus  
The avian influenza viruses are members of the Orthomyxoviridae family of RNA viruses, which 
are characterized by a segmented genome of single-stranded negative-sense ribonucleic acid 
(RNA) located within an enveloped virus particle [227, 228]. Influenza viruses are grouped into 
A, B, or C type genera, each genus of the viruses is further subdivided by serotype based upon 
the envelope glycoproteins possessing either haemagglutinin (HA) or neuraminidase (NA) 
activity [229-234]. To date, 15 HA (H1-H15) and 9 NA (N1-N9) subtypes of influenza A viruses 
have been identified [233-235].  
The severe form of avian influenza virus termed highly pathogenic (HPAIV) is one of the most 
feared diseases, due to extremely high flock mortality (nearly up to 100%) [236]. The most well-
known example is the HPAIV subtype H5N1 viruses emerged in Hong Kong in 1996, and since 
then it has spread to over 16 countries across Asia, Europe and Africa [220, 232, 237]. 
According to WHO [238], a total of 858 human cases of H5N1 have been confirmed since 2003, 
which caused 453 deaths. This significant and continued spread of H5N1 virus has focused 
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global attention, high-sensitive and rapid detection AIV detection and diagnostic strategies are 
urgently needed for early antiviral therapy and control the outbreaks [221-223]. 
Diagnosis of avian influenza virus can be accomplished in two approaches: either through direct 
detection of the virus itself, or through indirect detection of antibodies specific for the virus [239, 
240]. While conventional laboratory methods used for AIV detection continued to be widely 
applied, such as “gold standard” identification; new and emerging technologies like direct DNA 
detection are rapidly being adopted [224, 240]. This chapter will offer a short overview of both 
traditional and emerging AIV detection methods in recent years. 
5.1.2. Direct detection techniques 
Direct detection includes conventional culture of infectious virus, as well as the use of more 
rapid and cost-effective technologies that allow detection of specific viral antigens through 
immunospecific assays or viral-specific nucleic acids [240, 241]. The most well-known 
traditional method is “gold standard” identification. 
5.1.2.1. Historic “gold standard” identification  
The “gold standard” for AIV identification is virus culture in embryonated chicken eggs, 
followed by a positive result in a HA assay, and subsequent verification of AIV in HA-positive 
samples by use of a more specific assay, such as polymerase chain reaction (PCR) analysis of 
genomic viral RNA [234, 240, 242, 243]. The workflow of “gold standard” is shown in Fig. 5.1, 
which can be divided into three main parts: (i) sample collection and processing, (ii) virus culture 
and (iii) identification of virus. The last identification parts can be further subdivided into 
classical methods like HA assay and hemagglutination-inhibition (HI) test as well as molecular 
methods such as PCR-base technique. 
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Fig. 5.1:    AIV isolation, culture and identification protocol flowchart [242]. 
 
1. Virus culture 
Virus culture in embryonated chicken eggs can help to detect the infectious virus [244]. The 
virus is inoculated into the chorioallantoic sac and onto chorioallantoic membrane then incubated 
for periods of time ranging from 24 to 48 h for high pathogenic AIV virus isolates, and up to 21 
days through two or three blind passages for some low pathogenic AIV virus isolates [244]. 
2. HA and HI assay 
A widely used HA and HI assay for the detection of AIV was originally developed by Hirst [245] 
and Francis [246], which is based on the ability of the viral HA protein to hemagglutinate red 
blood cells [242, 247]. HA and HI test are relatively inexpensive methods that only use standard 
laboratory equipment and can be completed within several hours [247, 248]. However, when 
working with uncharacterized viruses or antibody subtypes, they require extensive laboratory 
support for the production and optimization of the library of reference reagents for 
standardizations [247].  
3. PCR-based technique 
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PCR techniques have been developed by Saiki et al. [249] in 1985, which is a diagnosis of virus 
infection through sensitive detection of speciﬁc viral nucleic acids [250]. Since the 1990s, PCR 
is gradually becoming an alternative approach to directly analyze specific sample material 
rapidly and sensitively [242, 250]. Up to now, different kinds of PCR techniques have been 
developed for detection of AIV, including reverse transcription PCR (RT-PCR), real-time PCR 
and light upon extension PCR [230, 234, 251, 252]. Both standard RT-PCR and real time RT-
PCR approaches for detection of inﬂuenza virus are widely deployed due to their high sensitivity 
[230, 240, 243, 252]. Moreover, due to no requirement of subsequent gel electrophoresis and 
imaging steps, RT-PCR is more practical for large numbers of samples [242].  
The significant advantage of PCR-based techniques is a rapid detection normally in the range of 
hours, but which requires careful primer design and accurate temperature control to obtain 
sensitivities [224, 250]. The main drawback of the PCR-based method is that it may cause 
transcription errors during the amplification process as well as report false negative results in 
cases in which viral RNA copy numbers are below the threshold for detection [224, 242, 250]. 
Besides, PCR-based techniques may not be stable as applying with nonspecific stains, degrading 
nucleases, and cellular debris existing in clinical samples [253]. 
The advantage of “gold standard” identification is highly sensitive, and which also produces a 
virus isolates that can be used for identification of unknown virus subtypes or further analysis 
[240, 242]. However, the “gold standard” is time consuming, labor intensive, it requires 
specialized laboratory facilities and well-trained technical personnel, which may not be feasible 
when rapid results are required or when hundreds of samples need to be assessed [223, 244, 251]. 
Moreover, this approach may fail to identify AIV when a viral material is present in samples but 
the infectious virus is not because no virus will be amplified [242].  
5.1.2.2. DNA detection  
Advances in genomics over the past decades has made the mainstream techniques of AIV 
detection to transit from protein and culture-based techniques to nucleic acid testing assays [251]. 
The PCR-based technique is most commonly used so far, but it also holds many disadvantages as 
mentioned above. Therefore, direct DNA detection, especially hybridization of complementary 
DNA chains is preferable for recognition and monitoring of sequences belonging to AIV 
infectious diseases and has expanded exponentially in recent years [254, 255]. The benefit of 
direct DNA detection is not only because of its high sensitivity, but also of easy integration with 
other devices, which makes it a promising candidate for the development of an integrated, high-
throughput and compact AIV biosensor [255-258]. 
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There are plenty of methods for DNA sensing; traditional methods are based mainly on radio 
labeled system or optical detection using fluorochrome tagging, quantum dots or enhanced 
absorption of light by oligonucleotide modified gold nanoparticles [259, 260]. These indirect 
quantification methods require complex procedures and expensive instruments, which greatly 
limit their clinical application. To solve this problem, many emerging “label-free” approaches 
are adopted, which promise to offer high sensitivity, selectivity, and low-cost for the point-of-
care detection of DNA hybridization, such as electrochemical detection, 1D nanostructure-based 
field-effect transistor/chemiresistor, etc. [24, 261-264] 
1. Electrochemical DNA sensor 
The electrochemical biosensors widely applied so far are based on the three-electrode system, 
which comprises a working, reference, and counter electrode. For the working electrodes, 
commonly used glassy carbon electrode (GCE) surface is modified by various nanostructures, 
such as graphene and carbon nanotubes [3]. These electrochemical biosensors are advantageous 
because of their high sensitivity and can be applied to detect specific binding of DNA [24]. 
2. FET/chemiresistor DNA sensor 
FET/chemiresistor DNA sensors have been developed in recent years, which are very attractive 
because of their high sensitivity, minimized size and simple structure [258, 265-267]. Recently, 
there has been an increase in the application of one-dimensional nanostructures such as silicon 
nanowires [256, 268], conducting polymer nanowires [265, 269] and carbon nanotubes [31, 261, 
270] as transducing elements because of miniaturization and low power consumption.  
Fig. 5.2 depicts the conﬁgurations of FET/chemiresistor biosensors for electrical measurement in 
1D nanostructures bridging two metal electrodes used as source (S) and drain (D). 1D 
nanostructure serves as the transducer which translates DNA hybridization events into a directly 
detectable electrical signal [6]. Compared to three-electrode electrochemical methods, this two-
terminal FET/chemiresistor DNA sensors involve much simpler chemistry and easier setup. Fig. 
5.2(a) shows the conﬁguration of a chemiresistor-type biosensor, which has the simplest 
structure; its DNA-detection principle is based on the change in resistance as a response to the 
binding of target DNA sequence on the active nanostructures [6, 271]. By conﬁguring a back 
gate under insulating layers such as SiO2 and Si3N4, the semiconducting 1D nanostructure can be 
made as back-gated ﬁeld-effect transistors (Fig. 5.2(b)) [6]. Fig. 5.2(c) presents a schematic of 
ion-gated FET, not like chemiresistor and back-gated FET biosensors normally operated in air, 
which has been developed for operating in a liquid environment. In ion-gated FET, the gate 
electrode works as a reference electrode in contact with the solution.  
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Fig. 5.2:    Schematic diagram of electrical detection of biosensors reported by Chartuprayoon et 
al. [6]: (a) chemiresistor, (b) back-gated chemical field effect transistor, and (c) ion-
gated field effect transistor.  
 
With the development of nanotechnology, FET/chemiresistor biosensor is becoming more 
preferable than electrochemistry method, not only attributed to their low production costs and 
excellent sensitivity, but also because which can be directly incorporated into electronic circuits 
that holds a great potential for their integration with “lab-on-a-chip” microanalysis systems [6, 
11, 256, 272-274]. Moreover, FET/chemiresistor biosensors are capable to perform direct 
quantitative measurements with no requirement of complicated external signal processing units 
[11]. However, the application of FET/chemiresistor biosensor has not been widely applied in 
clinic diagnostics yet because nanofabrication still has not be standardized [24].  
5.1.3. Indirect detection techniques 
Indirect detection techniques are also widely applied detection methods through detecting 
antibodies specific for the virus, including enzyme-linked immunosorbent assay (ELISA), 
electrochemical immunosensors and aptamer-based diagnostics. 
5.1.3.1. ELISA  
ELISA is a popular and commercially available analytic biochemistry assay, which has been 
widely used for the detection of serum antibody for more than a decade [275, 276]. In ELISA, an 
amount of antigen is firstly affixed to a surface; and then a specific antibody is applied which can 
bind to the antigen, this antibody is covalently conjugated to an enzyme; finally, a solution of the 
colorimetric enzymatic substrate is added, leading to a color change in the substrate [277]. 
ELISA is a rapid technique for the detection of AIV, but which lacks sensitivity, specificity, and 
can have high false positive rates [241, 244] . 
5.1.3.2. Electrochemical immunosensors 
Different from the direct electrochemical biosensors, electrochemical immunosensors use 
antigens/antibodies as bio-recognition ligands for virus detection [278]. Huang et al. [278] 
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reported a sandwich-type electrochemical immunosensor by using silver nanoparticle-graphene 
as trace labels to quantitatively detect antigens of avian influenza virus H7 with a working range 
of 6×10-3~16 ng/mL. Miodek et al. [279] applied electrochemical immunosensor based on 
polypyrrole and ferrocenyl group as a redox marker for detection of PB1-F2 protein of influenza 
A virus from 5 to 1.5 mM. 
5.1.3.3. Aptamer-based diagnostics 
Aptamers, termed “chemical antibodies”, are artificial nucleic acid ligands in vitro based on 
systematic evolution of ligands by exponential enrichment [280]. Aptamers can bind to a wide 
range of target molecules, ranging from large molecules such as protein to small molecules like 
ATP, dyes, amino acids, etc., which have been investigated as an alternative of bio-recognition 
ligands in recent [281]. Wang et al. [281] applied DNA aptamers specifically binding to 
hemagglutinin proteins with concentrations varying from 2 to 40 µg/ml. Brockman et al. [282] 
reported a quartz crystal microbalance aptasensor to detect AIV H5N1 virus with a detection 
limit of 1 hemagglutinin units (HAU) and a detection time of 1 h.  
As described above, there are many conventional laboratory methods as well as emerging DNA 
sensing methods, which can be applied to for detection and identification of AIV. Most 
commonly used detection techniques are still time-consuming, which require specialized 
laboratory facilities that greatly limits their application in clinical tests [222, 223, 283]. Among 
all methods described above, direct DNA hybridization biosensing holds plenty of advantages, 
including high sensitivity, label-free detection and easy integration with other portable devices 
[255-258].  
Herein we report on the development of stable chemiresistor-type sensors based on nitrogen-
doped MWCNTs for highly sensitive and rapid label-free detection of AIV H5N1 virus. Our 
sensor fabrication technology overcomes the difficulty of integration of CNTs into devices; 
relatively long horizontally aligned nanotubes directly connect neighboring interdigitated 
metallic electrodes, which can be fabricated on both rigid and flexible substrates. 
5.2. Functionalization  
The sensing mechanism of chemiresistor DNA sensors suggested previously by Star et al. [31] 
attributes the electrical conductance change to the electron doping by DNA hybridization on the 
CNT sidewall [270]. To detect the target DNA (DNA T) sequence, functionalization of CNTs 
with probe DNA is required. There are two common modification ways to bind CNT with probe 
DNA, characterized as covalent and non-covalent functionalization. 
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5.2.1. Covalent functionalization of carbon nanotubes 
In covalent attachment process, carbon nanotubes are firstly acid-oxidized to form carboxylic 
acid groups on their surface; and then, the carboxylic acid groups are activated by N-ethyl-N’-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDAC) and N-hydroxysuccinimide (NHS) 
[284]. The active carboxylic acid groups can bind with amino-modified DNA or proteins by 
undergoing nucleophilic substitution reaction [284].  
However, acid-oxidation of carbon nanotubes is a tedious and time consuming process, which 
requires refluxing the reaction mixture in concentrated HNO3 or acid mixture for over 10 h [285]. 
Moreover, oxidative treatment by using strong acid may also introduce defects into CNT lattice 
or even damage the structure of nanotubes, which has inferior effects on the electronic properties 
of nanotubes. 
In this case, we adopt non-covalent functionalization way in this study to immobilized probe 
DNA on CNTs’ sidewall. 
5.2.2. Non-Covalent functionalization of carbon nanotubes 
Single-stranded DNA (ssDNA) molecules are capable to non-covalently immobilized to the CNT 
sidewalls by allowing the ssDNA to wrap around individual CNTs via π-stacking interactions 
between the heterocyclic rings of the nucleotides and CNT structure [31, 286, 287]. Our sensing 
principle is based on the vibration in conductance of CNT device (inverse of resistance) attribute 
to the hybridization between complementary DNA T strands and the immobilized ssDNA on 
CNT sidewalls [287]. 
In Figure 5.3(a) device preparation and working principle of our chemiresistor-type DNA sensor 
are schematically presented. The first step depicts device fabrication when CNTs are placed 
between metallic electrodes. In the second step (functionalization), probe ssDNA molecules were 
non-covalently attached to the CNTs via π-π interaction between a honeycomb-like structure of 
nanotube sidewalls and the heterocyclic rings of the nucleotides [286]. The attachment of DNA 
probe to CNTs led to a dramatic increase of the device resistance, which is measured after 
rinsing and drying the device using the probe station (Figure 5.3 (c)). In the third step, Triton™ 
X-100 (Fig. 5.3(b)) was applied to block the uncovered sites on the CNT sidewalls that DNA 
probe did not occupy. Triton™ X-100 is a nonionic surfactant containing an aliphatic chain and a 
hydrophilic polyethylene glycol group (n=9-10) [31, 71], which can bind to nanotubes because 
of π-stacking interactions [71]. This was done to avoid non-specific binding of DNA target to 
CNT sidewalls in a similar way like DNA probe. A minor change of device resistance was 
associated with covering of CNTs with Triton™ X-100, measured in a dry condition. When a 
5. Performance of N-MWCNTs based biosensor 
- 75 - 
 
target DNA solution was drop-casted in the DNA sensing experiment, step four, the target 
ssDNA molecules were hybridized with their complementary probe ssDNA molecules removing 
them from the surface of CNTs as the helical shape of resulting dsDNA is not optimal for π-π 
stacking type interaction. This effect was manifested by a decrease of device resistance 
(measured again after rinsing and drying) towards initial resistance value. This decrease of 
resistance depends on the concentration of DNA target in solution, namely, the higher 
concentration is the more DNA probe molecules are detached from the CNT sidewalls during 15 
min of incubation. Repeating step 4 several times with increasing DNA target concentrations it 
was possible to determine the range of concentrations for which our sensing device can be used. 
It is worth noticing that for concentrations higher than the one at which complete detachment of 
DNA probe is achieved, no reliable sensing is possible. This is a specific feature of the sensing 
principle realized in presented sensing devices. 
 
 
Fig. 5.3: (a) Schematic illustration of the CNT based chemiresistor-type DNA sensor 
functionalization and sensing steps. (b) Chemical structure of Triton™ X-100 [288]. 
(c) Image of the probe station during electronic characterization of a sensing device. 
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5.3. Results and discussion 
5.3.1. CNT characterization and device layout 
The chemiresistor-type sensors were fabricated using a standard microfabrication procedure, 
which has been described in section 2.3. After forming of horizontally aligned CNTs arrays on 
the target substrates, Cr/Au (3 nm Cr and 50 nm Au) interdigitated electrode fingers with an 
interspacing of 3 μm were deposited. Before use, all these as-fabricated devices were annealed at 
200 ºC for 15 min in vacuum for improving their electrical performance. Fig. 5.4 demonstrates 
that our CNT-based biosensor arrays can be fabricated on both rigid and flexible substrates, 
which are quartz, glass and Kapton® polyimide foil (from left to right).   
 
 
Fig. 5.4:   Optical images of CNT chemiresistor biosensor chips each containing 400 sensing 
devices fabricated on various substrates (from left to right: quartz, glass and 
Kapton® polyimide film). 
 
Cr/Au interdigitated electrodes were placed in the direction perpendicular to the alignment 
direction of N-MWCNT arrays so that nanotubes bridged the electrodes and acted as conducting 
channels. Figure 5.5 shows the channel region of the N-MWCNT based chemiresistor devices on 
quartz, glass and Kapton® polyimide films, respectively. In the inset in Fig. 5.5(a), horizontally 
aligned long N-MWCNTs are visible in the areas between the electrodes as shadows on the 
quartz substrate, showing nanotubes remain ordered after the whole fabrication process. It is 
apparent that N-MWCNTs were partially agglomerated in some areas due to excessive density. 
Some nanotubes were linked and overlapped with the neighboring tubes, hence forming a netlike 
structure. In the inset of Fig. 5.5(b), individual N-doped nanotubes are also visible as shadows 
between interdigitated electrodes. The surface density of N-MWCNTs in Fig. 5.5(b) is much 
lower than that in Fig. 5.5(a), leading to an individual distribution of nanotubes. As shown in the 
inset of Fig. 5.5(c), highly dense and uniform parallel array of individual N-MWCNTs with a 
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well-defined direction was covered by Cr/Au interdigitated electrodes on Kapton® substrate. 
Each nanotube is not in a contact with others and is long enough to bridge two electrodes as a 
conducting channel. As detailedly discussed in section 4.2.3, CNTs show a stronger adhesion to 
materials with dispersive surfaces, such as Kapton® polyimide film [207]. Therefore, it is 
possible to position uniform distributed and well aligned individual CNTs with contact printing 
onto a large area Kapton® substrate. 
SEM images in Fig. 5.5 demonstrate that our synthesized N-MWCNTs are long enough to bridge 
neighboring interdigitated electrodes. According to Tortorich et al. [193], the length of carbon 
nanotubes plays a major role in the conductivity between two electrodes. Hecht et al. [202] 
demonstrated that the conductivity of a single-walled carbon nanotube network increases as the 
length of the carbon nanotubes increases. Through optimizing contact printing process, high-
dense and uniform array of individual N-MWCNTs can be obtained on both rigid and flexible 
substrate. Compared with random nanotube network, well-aligned carbon nanotubes directly 
bridging source and drain electrodes are expected to offer better performance, because electrical 
current should not go through many nanotube-nanotube junctions [206]. Moreover, no dispersant 
or surfactant was applied for transferring and positioning of CNT arrays in this study, therefore, 
the conductivity of CNT based devices are not affected through inhibiting contact between 
nanotubes [179, 201, 202]. 
 
 
Fig. 5.5:   Low-voltage SEM images of N-MWCNT based chemiresistor sensor device on (a) 
quartz, (b) glass, (c) Kapton® substrate; the higher magnified images in the insets 
show horizontally aligned N-MWCNT arrays bridging Cr/Au interdigitated 
electrodes. (The interspacing distance of the electrodes is of 3 μm.)  
 
a b c 
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5.3.2. Functionalization and electrical characterization  
The electrical characterization consisted of the I-V curves of the chemiresistor devices as shown 
in Fig. 5.6. It is known, that a single intrinsic MWCNT with a large tube diameter is metallic 
[187]. As shown in Fig. 5.6(a), the I-V curve before and after annealing do not show a linear 
behavior, the slopes of the I-V curves increase with the voltage between interdigitated electrodes. 
This can be explained by the lower density of states close to the Fermi level of CNTs, the energy 
bands of nanotubes accumulate with increasing of voltage, leading to a higher slope of I-V 
curves [289]. If zoom in the center part of I-V curves (see right panel in Fig. 5.6(a)), it is 
apparent that I-V curves still have certain slopes, demonstrating that the N-MWCNTs showed a 
metallic behavior in our experiments. 
 
 
Fig. 5.6:   (a) Typical I-V curves of N-MWCNT (N concentration of ~8.3%) based chemiresistor 
DNA sensor before and after annealing in vacuum at 200 ºC. (b) I-V curves of N-
MWCNT based chemiresistor DNA sensor before and after functionalization steps. (c) 
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Resistance of the device before and after the functionalization experiments measured 
at voltage         for every step. 
 
Annealing CNT devices in vacuum at high temperature can stabilize the contact between metal 
electrode and CNTs. It can be observed in Fig. 5.6(a) that the total current in the device increased 
after annealing in vacuum at 200 ºC. The value of the resistance of the devices at 2.0 V 
decreased from 53.7 to 23.7 µΩ after annealing.  
Fig. 5.6(b) presents a typical I-V response of N-MWCNT based chemiresistor biosensors to each 
CNT functionalization step. In Fig. 5.6(c), the resistances of our sensor at          to each 
functionalization step are presented. The resistance at “Initial” step corresponds to the newly 
fabricated device before any functionalization (step 1 in Fig. 5.3(a)), which is of 40.1 MΩ. The 
initial values of device resistance varied from device to device and depend on the number of 
nanotubes bridging the electrodes (conducting channels) in each device as well as the electronic 
properties of active material. In order to estimate the influence of pure buffer on CNTs the 
devices were immersed into the buffer for 15 min, rinsed and dried. The measured resistance is 
marked “Buffer”. It is apparent that buffer had no effect on N-MWCNTs. When probe DNA was 
used for functionalization (step 2 in Fig. 5.3(a)), a significant increase of the resistance of N-
MWCNT sensors was observed. The resistance of N-MWCNT sensors increased by 161%, 
exhibiting a strong influence of absorbed probe DNA molecules on carbon nanotube electronic 
structure. After that, the blocking of non-functionalized free areas of CNT sidewalls was 
performed with Triton™ X-100 (step 3 in Fig. 5.3(a)), which did not lead to significant changes 
in device resistances since 4-(1,1,3,3-Tetramethylbutyl)phenyl-polyethylene glycol are neutral 
organic molecules and they could not noticeably affect conductance of nanotubes. 
5.3.3. Quantitative detection of target DNA  
After treatment with Triton ™ X-100, the sensors were prepared for DNA T sensing experiments. 
The sensing experiments (step 4 in Fig. 5.3(a)) were performed for all devices repeatedly with 
successively increasing concentrations of 0 pM, 2 pM, 20 pM, 200 pM and 2 nM. Fig. 5.7(a) 
shows the I-V characteristics of the functionalized N-MWCNT based DNA sensor after 
incubation it for 15 min each time in the solution of target DNA molecules with increasing 
concentrations ranging from 0 pM to 2 nM. Figure 5.7(b) shows the sensing response of N-
MWCNT-based device to different concentrations as the ratio      of the resistance after 
incubation with DNA T solution of given concentration to that with 0 pM concentration (in order 
to compare the sensing response of different devices with different initial resistances).  
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Fig. 5.7:   (a) I-V curves and (b) resistance change        of N-MWCNT based DNA sensors 
(N concentration of 8.3at%) as the response to processing with increasing 
concentrations of DNA T from 0 pM to 2 nM          . 
 
As shown in Fig. 5.7(b), it is apparent that there is no noticeable change of resistance for 2 pM 
DNA T. However, starting with a concentration of 20 pM, a significant decrease of device 
resistance was observed. As discussed above, such resistance reduction can be explained by the 
hybridization of complementary target DNA molecules with the probe DNA molecules and 
detachment of the latter from carbon nanotube sidewalls. The resistance change maintained a 
continuous downward trend in repeated sensing experiments with increasing of DNA T 
concentration up to 2nM. Further increase of concentration and repeating the experiment with the 
same device led to an unreliable sensing response as two competing processes influenced the 
device resistance, namely detachment of DNA probe after hybridization with DNA target and 
attachment of access DNA T to the free places of CNT sidewalls left after removing DNA probe. 
As explained above, N-MWCNTs had metallic behavior, and no Schottky barrier was formed at 
CNT/lead interface. Therefore, the sensing response presented in Fig. 5.7(b) as well as the 
increase of the resistance after functionalization with DNA probe in Fig. 5.6(d) was solely based 
on the modulation of electronic states in N-MWCNTs as conducting channels by attachment or 
detachment of DNA probe molecules. 
Chemiresistor DNA sensors based on nanostructured materials were demonstrated recently. A 
similar approach of measuring resistance change in dry condition was demonstrated recently in 
devices based on Si-NW [256]. There, the lowest reliably detected concentration was 40 pM of 
AIV H1N1 short DNA target sequences (for 30 min of incubation). 
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5.3.4. The influence of doping concentration on sensing behavior 
To test the repeatability and compare the sensing performance and of our N-MWCNT based 
chemiresistor DNA sensor with different doping levels, a number of sensing devices based on N-
MWCNTs with different amount of nitrogen as a dopant (N/C ratio varied from 6.1 to 9.3% 
according to XPS data) were fabricated and tested. No noticeable difference in sensing 
performance of these devices with respect to N doping level was found: different sensors show a 
similar decrease of relative resistance after exposure to DNA T as can be seen in Figure 5.8. The 
resistance of all devices starts to decline at a concentration of 20 pM and kept a systematic 
downwards trend with increasing DNA T concentration up to 200 pM. N-MWCNTs with higher 
N concentration (9.3% N/C ratio) present a more significant drop in resistance, indicating higher 
sensitivity. Normalized response     |    |   ⁄     was calculated, the highest sensitivity 
could reach 25% at 20 ppm of target DNA molecules. At concentration of 2 nM the effect of the 
attachment of DNA T to the empty places left on CNT sidewalls after previous sensing 
experiment with a lower concentration start to compete with effects from detachment of the rest 
of DNA probe that leads to a backwards trend (seen for N-MWCNTs with 6.1 % of N/C ratio). 
This means sensing at higher concentrations of DNA T, N-MWCNT-based sensor with the 
lowest N concentration was unreliable. Still, at lower concentrations of DNA T where the 
competing effect is absent or negligible, the decrease of relative resistance caused by 
hybridization of DNA T and DNA probe and the consequent detachment of the latter from CNT 
sidewalls is discernible for all sensors. 
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Fig. 5.8:  Comparison of sensing responses of sensors based on N-doped MWCNTs with N/C 
ratio of 9.3 (square), 8.2 (down-triangle) and 6.1% (up-triangle). All sensors show 
similar downwards trend of resistance change      for concentrations up to 200 pM. 
Increase of      at 2 nM is attributed to the competing effect described in the text. 
Lines connecting points are used to guide an eye.           
 
5.3.5. Selectivity  
The selectivity of sensors to AIV H5N1 subtypes DNA sequences was assessed by testing 
sensing the response of devices functionalized with H5N1 DNA probe to H1N1 DNA target, a 
non-complementary sequence. The complete data on functionalization of N-MWCNT-based 
sensor with H5N1 DNA probe as well as sensing response to H1N1 DNA T with concentrations 
up to 2 µM are presented in Fig. 5.9. Error bars are calculated as the standard deviation for three 
measurements for each point, which are too small to be seen on the scale of the diagram. The 
sensor shows no noticeable resistance reduction (no sensing response) for all concentrations of 
H1N1 DNA T. These data confirm selectivity of our sensors to the H5N1 DNA T, which are 
complementary to DNA probe: DNA probe cannot be removed from the sidewalls of CNTs if 
hybridization with DNA T is not taking place, which is the case when non-complementary H1N1 
DNA T is used. 
 
 
Fig. 5.9:  Functionalization steps and sensing response of N-MWCNT-based chemiresistive 
sensor to non-complementary H1N1 DNA T. Lines connecting points are used to 
guide an eye. 
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AIV H5N1 virus exists in the blood as well as in nose or throat swabs of infected individuals, 
and the viral load in blood could be up to 105 copies per ml and in throat/nose swabs 108 copies 
per ml [290]. For detecting AIV H5N1, RNA must be extracted from the virus firstly, and then a 
reverse transcription to DNA should be performed. The concentration of 108 virus copies per mL 
corresponds to 0.2 pM, being recalculated as the concentration of DNA single-stranded 
sequences. However, the final concentration of the analyte can be still increased by reducing the 
volume since only a little droplet of the DNA solution (less than 0.1 µL) is needed for sensing 
with our N-MWCNT-based sensors (20 to 200 pM), which can cover the whole area of 
interdigitated microelectrodes. Therefore, the amount of H5H1 DNA in a real sample is 
sufficient for the detection using proposed sensors without the need of amplification of DNA 
copies.  
Further, it should be taken into account that real samples contain proteins typical to serum like 
immunoglobulin, serum albumin, transferrin, fibrinogen, and lysozyme, etc. However, previous 
reports showed for human α-thrombin hybridization DNA sensors, the presence of proteins may 
partially reduce the sensitivity with respect to the pure buffer solution but does not show any 
interference with the analyte assay [291, 292].  
 
Table 5.1: Comparison of detection range of different sensors for AIV viruses. 
Detection method DNA Sensing materials Range Ref. 
Voltammetric 
detection 
AIV H5N1 
HS-ssDNA Probe modified 
gold electrodes 
10−100 pM [293]  
Electrochemistry 
based on an ion 
barrier switch-off 
AIV H5N1 Redox-active monolayers 1−10 pM [294] 
Voltammetric 
detection 
AIV H5N1 
Amino-ssDNA probe 
modified gold electrodes 
10−100 fM [295]  
Electrochemistry AIV H5N1 
Probe modified single gold 
electrode 
20−100 nM [296]  
Electrochemical 
impedance 
spectroscopy 
AIV H1N1 Tubular nanomembrane 20 aM−20 pM [254] 
FET AIV H1N1 Si nanowire 40−102 pM [256]  
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Chemiresistor AIV H5N1 N-MWCNT 20−2000 pM 
This 
work 
 
 
Sensors for the detection of AIV single-stranded DNA based on different principles were 
demonstrated in recent years. The detection ranges are summarized in Table 5.1 and compared to 
the results of this work. As can be seen from this comparison, CNT-based chemiresistor-type 
sensors proposed here have a sensitivity, which is comparable to the majority of listed, however 
a poorer sensitivity compared to the sensor reported in ref. [295] and [254].  
Chemiresistive DNA sensors based on carbon nanotubes were also demonstrated recently. Singh 
et al. [297] presented SWCNT-based sensor for the detection of human rheumatic heart disease 
based on hybridization of the target S. pyogenes single stranded genomic DNA (ssG-DNA) to its 
complementary 24-mer single-stranded DNA probe, and the estimated lowest detection limit was 
22 pM. In their work, pristine SWCNTs (a mixture of metallic and semiconducting SWCNTs) 
were placed between gold electrodes and functionalized with covalently attached DNA probe 
sequences. The detection was based on the attachment of DNA T sequences on DNA probe, and 
the measurements were performed in a liquid medium. In our case, the measurements were done 
under dry condition, and the detection principle was based on the detachment of non-covalently 
bound DNA probe after hybridization with DNA T sequences. Such an approach has an 
advantage with respect to the detection in liquids in a simplified device fabrication since no 
microfluidic channels and no isolation of metallic leads were needed. 
5.4. Conclusion 
In this study, a flexible, highly sensitive, and label-free CNT based chemiresistor DNA sensors 
were developed for detecting DNA of AIV subtype H5N1. Compared to optical and other 
electrochemical methods, our CNT-based DNA sensors involve much simpler chemistry and 
easier setup, which can be fabricated on both rigid and flexible substrates.  
N-MWCNTs with different N-doping concentrations functionalized with probe DNA served as 
active conductor channels, which translate DNA hybridization into a directly detectable electrical 
signal. According to our results, the complementary DNA T can be eﬀectively detected with our 
biosensor for a concentration as low as 20 pM in just 15 min. Through comparing the sensing 
behavior of N-MWCNTs with different doping concentration, the N-MWCNT sensor with the 
highest N-doping concentration of 8.3at% (9.3% of N/C ratio) shows the highest sensitivity of 25% 
at 20 ppm. The detection limit of our sensor meets the requirement for detecting H5H1 DNA in a 
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real sample with no need of amplification of DNA copies. Due to the detection in dry conditions, 
no complex microfluidic channels and no isolation of metallic leads are required in our study. 
Therefore, our N-MWCNT based DNA sensor is a promising candidate for the fabrication of 
compact hand-held devices and applied in “point-of-care” microanalysis systems. 
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6. Performance of N-MWCNTs based gas sensor  
In 2000, Kong [15] first demonstrated that semiconducting SWNTs integrated with FET can be 
applied as a fast and sensitive gas sensor at ambient temperatures. Since then, various groups 
have explored the potential of carbon nanotubes for gas sensing due to their specific chemical 
and physical properties. Although the scientific breakthroughs are numerous in this area, CNT 
based gas sensors still have certain limitations, like reproducibility, sometimes low sensitivity to 
analytes, lack of selectivity, irreversibility or long recovery time, etc. [11, 32, 298] To overcome 
these limitations, functionalization is often applied to alter the chemical nature of CNTs and thus 
enhance their sensing performance [112, 298, 299].  
In this study, N doped multiwalled carbon nanotubes were applied as active materials for gas 
sensing. Firstly, a general overview of gas sensors based on CNTs was introduced, and then a 
systematic experimental study was presented in terms of the sensing properties of N-MWCNT 
based gas sensors to NH3 and NO.  
6.1. Overview of CNT based gas sensors 
CNTs have high surface area to volume ratio that is important for an enhanced sensitivity, high 
structural and chemical stability to be deployed in different environments, and can be subjected 
to versatile functionalization that is viable to imbue selectivity. All this makes them sensing 
materials with a high potential for the development of miniaturized and low-power gas sensors 
with high sensitivity and selectivity [11, 48, 69, 300]. 
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Fig. 6.1:    Transfer characteristic change after exposure to NO2 (triangles) and NH3 (squares) of 
the SWCNT-FET gas sensor firstly reported by Kong et al. [15] 
 
Kong et al. [15] firstly reported that single-walled carbon nanotube showed high sensitivity to 
NO2 and NH3 at room temperature. They used a single SWCNT as a transistor channel between 
two gold electrodes to fabricate a SWCNT based FET, which sensing property was monitored by 
changing the SWCNT-FET transfer characteristics, as shown in Fig. 6.1. The middle curve in Fig. 
6.1 is the current versus gate voltage (I-  ) curve before exposure, which presented p-doped 
semiconducting property [15]. After exposure, I-   curve was shifted by −4 V exposed to NH3, 
while in the contrast, presented a negative shift of +4 V under NO2 exposure [15]. 
Besides carbon nanotubes, a large variety of 1D materials have been studied and applied for the 
gas sensing, including Si nanowires [301-303], semi-conducting metal oxides [34, 304, 305], and 
conducting polymers [306-308]. Usually, metal oxides require high operating temperatures (from 
200 to 600 ºC) in order to enhance their surface reactivity with respect to molecules of gas [309]. 
However, CNTs based gas sensors usually offer competing advantages in terms of room-
temperature operation, lower power consumption, reduced size and good versatility [36, 300, 
310]. Li et al. [69] fabricated SWCNTs gas sensors that can detect NO2 as low as 44 ppb at room 
temperature, and Qi [311] reported that the multiple-SWCNT based FETs exhibited excellent 
sensitive to NO2 in Ar.  
SWCNT-FET is a very promising type for gas detection: not only the electrical properties of 
nanotubes are dramatically changed when exposed to the target gas analytes, but the gate voltage 
also can tune the conductance of CNTs leading to higher sensitivity [298]. However, pure 
semiconducting SWCNTs are very expensive and hard to be synthesized. MWCNTs have larger 
diameters than SWCNTs due to the multilayer tube structure, which can be synthesized at large 
scale with a relatively low cost [8]. MWCNTs usually exhibit more metallic behavior because of 
multi-layer structure [64, 112, 312], therefore, MWCNTs can only be integrated with 
chemiresistor-type devices. Compared with back-gated field effect transistors, chemiresistor 
processes inferior sensing performance but contains simpler chemistry and easier setup, no 
requirement of complex ancillary electronics.  
To improve sensing performance of MWCNTs based chemiresistive gas sensors, functionalizing 
CNT sidewalls with specific materials was often applied. Penza et al. [313] reported that 
sensitivity of MWCNTs chemiresistors to NH3 and NO2 gases can be significantly improved 
when the surface of MWCNTs was functionalized with noble metal (Au, Pt) nanoclusters. Cui et 
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al. [112] reported that sensitivity of MWCNTs gas sensor can be increased by means of silver 
nanocrystal functionalization (from 2.8 to 9.0%) when exposed to 1% NH3.  
Besides functionalization with metal nanostructures, a few experimental and theoretical studies 
indicated that doping CNTs with nitrogen atoms is capable to improve the sensitivity of CNT 
sensors. According to combined experimental and theoretical study by Adjizian et al. [106], N-
doped MWCNTs (N concentration was 2.2at%) showed a better response to NO2 and CO 
compared to pristine or boron doped multiwall carbon nanotubes at room temperature. Sadek et 
al. [20] also reported that N doped MWCNTs functionalized with Pt-Ni alloyed nanoparticles 
showed a fast response and recovery to H2 gas, which can be explained by a combination of 
responses from the nitrogen-induced defects and the supported Pt nanoparticles. However, there 
are still very few data on gas sensing performance of N-MWCNTs to NH3 and NO in literature.  
6.2. Results and discussion 
In this study, N-MWCNTs based chemiresistive devices were developed and applied as gas 
sensors for the detection of to NH3 and NO at room temperature. The sensing mechanism of N-
MWCNTs chemiresistor is based on the electrical resistance change attribute to charge transfer 
between CNTs and adsorbed analytes. 
6.2.1. CNT characterization and device layout 
The chemiresistor based on N-MWCNTs were fabricated using a standard microfabrication 
procedure, which has been described in section 2.3 in detail. CVD-grown N-MWCNT arrays 
were positioned directly on the substrates by contact printing, and then the Cr/Au (3 nm Cr and 
50 nm Au) interdigitated electrode fingers with an interspacing of 3 μm were deposited across 
the N-MWCNT arrays. The gas sensing devices can be deposited on various substrates, such as 
silicon, quartz, and glass (see Fig. 6.2).  
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Fig. 6.2:   Photos of gas sensing chemiresistor devices fabricated on (a) Si/SiO2 and (b) glass 
substrates. (c) Optical microscope image of interdigitated electrodes of the gas-
sensing device fabricated on a glass substrate.  
 
Several researcher groups [314, 315] reported gas sensors made with nanotubes, which were 
placed on top of electrodes. In these cases, nanotubes may only weakly adhere to the electrodes 
that may lead to a reduced sensitivity of the sensors [316]. SEM images of the interdigitated-
electrode area of our N-MWCNT based devices are presented in Fig.6.3: the nanotubes are lying 
under the electrodes and are in a tight contact with the electrodes on the glass substrate. It has to 
be noticed that N-MWCNTs were not subjected to any post chemical or thermal treatment after 
their synthesis.  
 
 
Fig. 6.3:   SEM images of interdigitated-electrode areas of N-MWCNT based gas sensors on 
glass substrate with N concentration of (a) 8.3, (b) 7.3, (c) 5.5 and (d) 5.0at%. 
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Horizontally aligned N-MWCNT arrays lie under the electrodes with an interspacing 
distance of ~3 μm. 
 
6.2.2. Annealing effect 
In our experiments, all the devices were annealed at 200 ºC in vacuum for 15 min after N-
MWCNT deposition to improve the electrical contacts. The electrical characterizations 
consisting of the I-V curves of the chemiresistor devices before and after annealing are presented 
in Fig. 6.4. It can be seen that the source-drain current values of those two devices present 
inevitable differences. Because N-MWCMT growth in terms of their morphology, diameter, wall 
numbers, etc. as well as the number of transferred nanotubes is still difficult to exactly control, 
the conductivity of devices based on the CVD-grown N-MWCNT cannot be reproduced exactly 
even though they were fabricated following the same protocol. Additionally, a number of 
nanotubes bridging electrodes also greatly influences the conductivity and their positioning on 
the target substrate cannot be controlled accurately even by contact printing process. A similar 
report can also be found in ref. [317], in which SWCNT dispersion was drop-casted between the 
interdigitated electrodes for fabricating devices. 
According to Fig. 6.4, the resistance of devices with different N doping concentration of 8.3 and 
5.0at% decreased in general after annealing, indicating annealing stabilized the contact between 
metal electrodes and carbon nanotubes. The slope of the lines in the insets of the four I-V curves 
indicates that the N-MWCNTs all show metallic behavior, which is consistent with our previous 
reports in the section 5.3.2. Similar to pristine MWCNTs, the contact between the N-MWCNTs 
and the gold electrodes is Ohmic. Due to defective polygonal ends introduced through N-doping, 
only the outermost shell of N-MWCNT is responsible for the electrical transport (see section 
1.3.3). As the Schottky barrier between the N-MWCNT and the electrodes was minimized, the 
main mechanism of sensing in our devices is a direct charge transfer between the N-MWCNTs 
and adsorbed gas molecules. 
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Fig. 6.4:   I-V curves of chemiresistor devices based on N-MWCNTs with varying N doping 
concentration of (a) 8.3 and (b) 5.0at% before and after annealing at 200 ºC. The 
insets are the magnified range at the center area of the I-V curves. 
  
6.2.3. Exposure to ammonia 
The real-time testing of gas sensing performance of the N-MWCNTs with the N concentration of 
5.5at% was firstly carried out in the presence of different concentrations of NH3 in the range 
from 1.5 to 50 ppm at room temperature. After the device was placed into the gas exposure 
chamber, a constant flow of 2 L/min of N2 was introduced inside. In the meanwhile, the real-time 
current between two electrodes of the devices was monitored under a constant voltage of 0.1 V 
until the stable signal was obtained (after 50 min). Then, NH3 flow was admixed to the N2 flow 
in the chamber. As shown in Fig. 6.5(a), real-time sensing response was detected by monitoring 
and recording the resistance changes       .  
6. Performance of N-MWCNTs based gas sensor 
- 92 - 
 
One can notice that the device resistance began to grow after exposure to NH3 for 9 min and the 
resistance value of the N-MWCNT device presented a continuous increasing tendency with a 
stair step growth of NH3 concentration from 1.5 to 50 ppm, this may be attributed to MH3 
molecule adsorption on the sidewalls of carbon nanotubes. NH3 can be considered as a reducing 
gas, which donates electrons to CNTs, resulting in the holes depletion and thus increase the 
resistance of nanotubes [30, 318, 319]. After a cycle of analyte exposure, recovery was tested 
under pure N2 flow, however, no apparent recovery was observed within 15 min. After 140 min 
exposure, the enhancement of the resistance value became slow, indicating that the gas sensing 
device reached saturation.  
 
 
Fig. 6.5:   (a) Real-time resistance changes      ⁄                  of the N-MWCNT 
based gas sensor with nitrogen concentration of 5.5% as the response to increasing 
concentrations of NH3 ranging from 1.5 to 50 ppm          ; exposure times are 
delimited by the vertically lines with the corresponding concentration. (b) 
Sensitivity    |    |   ⁄        of the device as a function of NH3 gas 
concentrations.  
 
Fig. 6.5(b) presents the sensitivity of the device     |    |    ⁄    as a function of NH3 
concentration. The sensitivity of the device shows a linear growth at concentration 1.5, 2.5 and 5 
ppm of NH3, and reaches 7.1% at 50 ppm. According to Nguyen [320], the sensitivity of resistive 
gas sensors based on MWCNTs coated with Co nanoparticles was 1.5% for a NH3 concentration 
of 70 ppm with a response time of ~2 min. 
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To test the stability and repeatability of the N-MWCNT based gas sensor, other exposure 
experiments were carried out by applying different samples and exposing them to higher 
concentrations of NH3 ranging from 200 to 1000 ppm. The images of a real-time response of N-
MWCNTs with different N doping concentration ratios (5.5% and 8.3%) to varying NH3 
concentrations are shown in Fig. 6.6(a) and (c). A similar trend of resistance change was 
observed in Fig. 6.6(a), which started to grow at 32 min and maintain an upward tendency up to 
70 min, followed by saturation. Fig. 6.6(b) presents the sensitivity value of N-MWCNTs (5.5%) 
as a function of NH3 concentration, which is approximately 3% at 500 ppm and 4% at 1000 ppm. 
It can be observed that the sensitivity of N-doped nanotubes in this sample is lower than that 
shown in Fig.6.5 with the same doping level (5.5%), because two different and independent 
devices were used in these two sensing tests. As discussed above, the structure of the fabricated 
device is more complex than the CNT itself, resulting in many inevitable differences existing 
between different devices, such as CNTs structure, amount, and/or distribution of conduction 
channels, etc. Therefore, variation in resistance of two independent samples shown in Fig. 6.5 
and Fig. 6.6 are not comparable. 
Interesting, the resistance of N-MWCNTs with the highest doping level (8.3%) shows a 
declining trend under NH3 exposure with increasing concentrations, as shown in Fig. 6.6(c). The 
resistance started to decrease from 32 min at 500 ppm, followed by a slight recovery in pure N2, 
which further deceased by 0.1% at 1000 ppm. A similar result was reported by Antal et al. [321], 
that N-MWCNTs with a N concentration of 2at% presented an opposite trend of sensing 
response to NH3 compared to pristine MWCNTs, the resistance of which decreased by 4% after 
exposure.  
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Fig. 6.6:    Real-time sensing response     ⁄    of N-MWCNT based resistive device with a N 
concentration of (a) 5.5 and (c) 8.3% upon exposure to NH3 gas at 200, 500 and 1000 
ppm at room temperature          ; exposure times are delimited by the vertically 
lines with the corresponding concentration. (b) The dependence of sensitivity 
 |    |   ⁄        of N-MWCNTs with N concentration of (b) 5.5 and (d) 8.3% 
on increasing concentration of NH3 gas.  
 
The sensing mechanism of chemiresistor CNT based devices is based on the charge transfer 
between adsorbed gas molecules and CNTs leading to the resistance variation [70, 112, 298, 300, 
318]. In our experiments, the resistance change of N-MWCNTs with a lower doping level (5.5%) 
showed a similar increasing trend with pristine CNTs in previous reports, but that of the N-
MWCNTs with a higher N concentration (8.3%) presented an opposite downward trend. As 
discussed in section 1.3.3, pristine CNTs present a p-type behavior in the air because of oxygen 
adsorption, in which holes are the majority carriers. Therefore, carbon nanotubes accept 
electrons from reducing gases (e.g., NH3), leading to holes depletion and the increase of 
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resistance. Similar results were also reported previously: Kong [15] reported that resistance of 
metallic SWCNT-FET sensor was increased under the exposure to NH3; Wang [316] also studied 
the conductivity of MWCNT chemiresistor sensors at room temperature, which was decreased 
from 8 to 2.5 µAV-1 after exposure to 1% of NH3. As mentioned in section 1.3.3, Fermi level of 
N-doped nanotube will be shifted up because of the N incorporation into CNT lattice. If N 
doping is high enough to shift the Fermi level up to conduction band, the nanotube will display 
an n-type behavior; conversely, it maintains a p-type behavior. Therefore, the reverse sensing 
response of N-MWCNTs with a higher doping level (8.3%) may be explained by the effect that 
n-type nanotubes get more electrons into their conduction bands from adsorbed NH3 molecules 
that leads to an increase of conductivity or a decrease of resistances (see Fig. 6.6(c)). 
6.2.4. Exposure to NO 
One finds very few data reported on sensing performance of N-MWCNTs on NO or NO2, but 
many studies focus on SWCNTs used for NO detection. Hoa et al. [322] applied porous single-
wall carbon nanotube films for NO detection, and the sensitivity of such sensor was 5% under an 
exposure of 40 ppm NO at room temperature. Yu et al. [323] also reported 1% 
SWCNT/TWEEN-TEOS composite applied as a sensing material to detect 1000 ppm NO at 
room temperature with a response time of 5 min.  
In this study, the room-temperature sensing performance of gas sensors based on N-MWCNTs 
with different doping levels (5.0 and 8.3%) under exposure to 1000 ppm NO was investigated. 
As shown in Fig. 6.7, two N-MWCNT devices with different N-doping concentration both 
exhibited a decline in response         upon exposure to NO. NO is a type of “electron-
acceptor” gas, CNTs withdraw electrons to adsorbed NO molecules and leads to an opposite 
sensing behaviors compared to NH3. In Fig. 6.7(a), the resistance value of nanotubes dropped 
rapidly after 2 min exposure, which maintained for 3 min followed by the equilibration. Due to 
extremely large initial resistance (15.3 MΩ) of this device, the highest sensitivity 
(|    |   ⁄    reached 72%. The response of N-MWCNTs with N concentration ratio of 8.3% 
in Fig. 6.7(b) showed a similar tendency with a rapid drop after 3 min exposure, and the 
sensitivity of this device was of 3.4% approximately. Compared to the response of N-MWCNT 
based gas sensors to NH3, our sensors presented a lower resolution under exposure to NO.  
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Fig. 6.7:  Real time response     ⁄    of devices based on N-MWCNTs with different N-
doping of (a) 5.0 and (b) 8.3% to 1000 ppm NO at a constant voltage of 0.1 V.  
 
After exposure, the device did not show an apparent recovery over 40 min under pure N2 flow. 
According to Zhang [298], the binding energy of the analytes to pristine CNT is usually large so 
that the analytes only slowly desorbs from the CNTs after the sensor is exposed to an analyte-
free atmosphere. To accelerate the recovery process of CNT sensors, an external energy source 
was often implemented for rapidly desorption by lowering the adsorption energy barrier, which 
can be achieved by heating to high temperatures (~200 ºC) or illuminating by ultraviolet light 
[298, 324]. However, this also requires higher energy consumption [8]. Additionally, Dai [45] 
and Valentini [325] also reported that NH3 is weakly physisorbed on nanotubes and can be 
removed by simple pumping in a vacuum, while NO2 molecules have a strong physical 
adsorption with CNTs and do not desorb at significant rates at room temperature. 
6.2.5. Applications in environmental and human breath monitoring 
Ammonia is a colorless noxious gas with very pungent odor, which occurs naturally in the 
environment and also can be emitted by industry, agriculture or transport. If the concentration of 
NH3 in the air exceeds 25 ppm, it can be detected by smell; and if the concentration is over than 
500 ppm, NH3 is immediate hazard to life [326]. NO is also a colorless toxic gas, and its 
permissible exposure limit is 25 ppm [327]. Therefore, the detection limits should reach to 20 
ppm and air exposure effect should be carefully considered if applying NH3 and/or NO gas 
sensors for environmental monitoring.  
The working mechanism of our gas sensor lies in the electrical resistance variation due to gas 
molecule adsorption, so the sensor response is usually determined by the nanotube-molecule 
interaction. Most gas molecules studied (with exception of NO, NO2 and O2) are charge donors, 
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while O2, NO and NO2 are charge acceptors. Air mainly consists of nitrogen, oxygen, CO2, Ar 
and H2O vapor. Jijun et al. [328] calculated the adsorption of various gas molecules (NO2, O2, 
NH3, N2, CO2, CH4, H2O, H2, Ar) on SWCNTs using first-principles methods, and they found 
that the effects from most gas molecules in the air (i.e. N2, CO2, H2O) are relatively weak, except 
O2, which is an electron acceptor and makes all nanotubes p-type conductors. Wang [70] also 
reported that gas molecules like CO and water could not be adsorbed on nanotubes surface. 
However, oxygen has significant effects on nanotube resistance [329]. Peng et al. [330] studied 
NH3 sensing mechanism and experimentally confirmed that NH3 adsorption on CNTs surface 
can be facilitated by oxygen atoms adsorbed on the nanotubes from surrounding environment. 
They degased the adsorbed oxygen by annealing and tested the devices in pure nitrogen, and they 
found that the device became insensitive to NH3. According to Andzelm [331], pre-dissociated 
oxygen atoms can reduce the adsorption barrier for NH3 on a defective CNT and enhance the 
charge transfer rate, thus improving the sensitivity of CNTs to NH3. On the other hand, Valentini 
et al. [332] reported the response of CNTs to NO can be decreased after oxidizing in the air at 
300 ºC, but they supposed that the reduced sensitivity was mainly attributed to structure 
modification induced by annealing rather than oxygen effects. There are not much data reported 
the influence of oxygen on the sensing performance of CNTs on NO, so this question is not fully 
clarified yet. 
Besides environment monitoring, highly sensitive and selective NH3 and NO gas sensors also 
have potential to be applied for point-of-care testing through analyzing exhaled air. As a simple 
and fast medical diagnostic testing, PoCT is more effective and may play an increasingly 
important role in the future. According to the composition of human breathing listed in Table 5.5 
[333], mouth-exhaled ammonia concentrations for humans is around 1 ppm, which requires gas 
sensors with a high sensitivity and a high resolution for NH3 detection. Our N-MWCNTs have a 
small diameter and large surface area, and present a good sensitivity to NH3 and NO at room 
temperature, but also face many disadvantages, such as poor sensitivity to low analyte 
concentration and reduced recovery ability. Besides, the selectivity of the gas sensors to these 
two gases at ambient conditions and for real exhaled air has not been clarified yet. Therefore, 
substantial research efforts are still needed to make CNT based sensors meet the requirement of 
environmental monitoring and even rapid PoCT for breath analysis. 
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Table 6.1: Composition of human breathing [333]. 
Gas Inhale Exhale 
Nitrogen 78.62% 78% 
Oxygen 20.84% 13-16% 
Argon 0.96% 1% 
Carbon Dioxide 0.04% 4-5.3% 
Water Vapor 0.5% 5% 
Hydrogen, Carbon monoxide - Several ppm 
Ammonia - 1 ppm 
Acetone, Methanol, Ethanol - 1ppm (unless ethanol) 
Note: -, the concentration is so low that it can be neglected. 
 
6.3. Conclusion 
In this chapter, CVD-grown N doped multi-walled carbon nanotubes were integrated into 
chemiresistor nanodevices and applied for the detection of NH3 and NO at low concentrations. 
Our investigations showed that N-MWCNT based chemiresistor-type devices are sensitive to 
both reducing gas NH3 and oxidizing gases NO at room temperature. The response time of N-
MWCNTs can reach several minutes, but a poor recovery was observed after introducing pure 
nitrogen flow at the same temperature.  
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7. Summary and outlook 
7.1. Summary 
This study gave a comprehensive picture of a compact, stable, and low-cost chemiresistor 
chemical sensor platform utilizing nitrogen doped multi-walled carbon nanotubes, which began 
from initial materials synthesis, integration and device fabrication, and up to the demonstration 
of their final application. Every single technological step was developed and optimized by us, 
meaning that the whole process could be accurately controlled thus making the results more 
reliable and repeatable. Additionally, we simplified the entire synthesis, fabrication and detection 
process so that one integrated cycle of the work, from synthesis to application, can be completed 
within two days that opens a prospect towards large-scale commercial applications of CNT-
based chemical sensors in future. 
In chapter 3, we reported the synthesis of vertically aligned N-MWCNTs with a varying N-
doping concentration from 5.0 to 8.3 at% (N/C ratio: 5.6% to 9.3%) on the Si/SiO2 substrate via 
chemical vapor deposition method. We confirmed that varying N-containing source could 
effectively control the nitrogen concentration incorporated into CNT lattices. The variation of 
nitrogen content in the carbon framework could signiﬁcantly alter the morphology and electronic 
structure of certain nanotubes by introducing structural deformations, which provides a 
possibility to further tailor their sensing behavior. Moreover, we found that N incorporation 
greatly affects the nanotube growth: a higher content of N source mixed with ethanol leads to a 
lower growth temperature and higher concentration of N in nanotube lattice decreases the yield 
of CNTs as well as prevents crystalline CNTs growing. According to XPS analysis, the presence 
of three types of N incorporation in carbon matrix was confirmed, which are pyridinic, pyrrolic 
and quaternary nitrogen. The amount of these three forms can also be controlled through 
adjusting N-source concentration. 
In chapter 4, we have developed a high performance, dry and low-temperature processing for 
transferring and patterning highly-aligned multiwall carbon nanotubes. Direct contact printing 
method was applied for scalable transfer of highly dense parallel arrays of N-MWCNTs onto a 
large area of target substrates. This method can successfully avoid the need of dispersing and 
sonication of nanotubes, which is not only beneficial for preserving structural and electronic 
properties of nanotubes, but also can avert the “coffee ring” effect. Many efforts have been made 
on the scalable positioning of N-MWCNTs, and results show that the surface coverage with 
printed N-MWCNTs can be varied from few tubes per square micron to a multilayer N-MWCNT 
film, which makes fabrication of CNT-based devices more controllable and reliable. In addition, 
we have demonstrated that both rigid and flexible substrates can be applied as target substrates, 
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including Si/SiO2, quartz, glass and Kapton® polyimide foils. The way to enhance the attractive 
interaction between CNTs and various substrates with specially designed surface modifications 
that improved the performance of the direct contact-printing method was also presented in this 
chapter. 
In chapter 5, we discussed flexible, sensitive, and label-free N-MWCNT based chemiresistive 
DNA sensors applied for detection DNA of AIV subtype H5N1. Compared to optical and other 
electrochemical methods, our sensors involve much simpler chemistry and easier fabrication and 
sensing setup. N-MWCNTs with different N-doping concentrations functionalized with probe 
DNA served as active conducting channels, which translate DNA T hybridization events into a 
directly detectable electrical signal. Modulation of Schottky barrier was not present in our N-
MWCNT based devices, the sensing response relies solely on varying charge transfer of probe 
DNA molecules absorbed (or desorbed) on the sidewall of carbon nanotubes. The results show 
that the complementary DNA T at the concentration as low as 20 pM can be eﬀectively detected 
with our sensors in just 15 min with the highest sensing response of 25%. Our N-MWCNT based 
DNA sensors hold the advantage of small size, flexibility, low-cost, easy integration with other, 
in particular portable devices which makes it a promising candidate for the development of an 
integrated, high-throughput and compact AIV biosensor for “point-of-care” diagnostics. 
Besides the application for biosensing, preliminary investigations on gas sensing response of N-
MWCNT based chemiresistor to reducing/oxidizing gases NH3 and NO were reported in chapter 
6. N-MWCNTs showed a bit lower sensitivity (especially in a range of several ppm 
concentrations) and recovery compared to semiconducting SWCNTs when applied as active 
materials for innovative gas sensors at room temperature. However, we validated that N-
MWCNTs have a definite response in only several minutes when exposed to NH3 and NO.  
7.2. Remaining issues and outlook 
A number of scientific breakthroughs have been recently achieved in the field of carbon 
nanotubes research and applications; however, there are still a lot of significant issues which 
require being further explored. One of the main issues is the large-scale production of carbon 
nanotubes in a controlled way in terms of chirality, alignment, diameter, length as well as 
predetermined electronic and chemical properties. This bottleneck greatly limits their 
commercial applications and thus makes the CNT sensors to remain at a proof-of-concept stage. 
To date, the concept of “cloning” SWCNTs has become increasingly attractive as a breakthrough 
approach, which uses open-ends of SWCNT fragments as “seeds/catalysts” to clone 
“new/duplicate” SWCNTs from the parent segments via an epitaxial growth mechanism [334]. 
This method does not need commonly used metal catalyst and can precisely control the 
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diameters and chirality of SWCNTs, meaning that selective production of pure semiconducting 
(or metallic) SWCNTs is possible. However, the yield of cloning is relatively low to date, which 
still requires a wide range of fundamental studies and technological developments.   
Apart from such advantages like operation at room temperature, low power consumption and 
high sensitivity, CNT based gas sensors still face many problems. Application of SWCNTs with 
higher sensitivity is still hindered by their high prices, while available MWCNTs even 
functionalized still present low sensitivity and long response time. The selectivity of CNT-based 
sensors still needs to be improved, the response/recovery time requires to be decreased, and the 
stability in performances needs further improvement. In addition, nanotube conductance is also 
very sensitive to a variation of environmental conditions (moisture, temperature, gas-flow 
velocity), and molecule chemisorption could cause irreversible changes in nanotube conductivity 
[9]. Therefore, more investigations need to be performed to distinguish target gas in the air or gas 
mixtures.  
For the selective detection of analytes, CNTs have to be functionalized with bio-recognition 
molecules, i.e. enzymes, antibodies, aptamers, etc. Covalent functionalization methods are often 
applied, which introduces carboxylic (-COOH) groups on CNT sidewalls to couple with the 
amine (-NH2) groups in proteins or the amine-terminated ends of aptamers via amide bond 
formation [280, 335]. However, this covalent modification disrupts the in-plane     bonding in 
the carbon lattice pattern and introduces defects, leading to significant distortion of desirable 
electrical properties of CNTs [336]. Therefore, non-covalent functionalization of carbon 
nanomaterials to modify the nanotube surface in a non-destructive manner has to be further 
explored. Although biosensor investigation has taken a variety of directions in recent years, only 
a few of them appear to be viable for integration into a functional device and subsequent 
commercialization [337]. There are still major considerations surrounding the sensors that need 
to be carefully addressed before commercialization.  
Besides the application of chemical sensors, the application of our vertically aligned N-
MWCNTs also requires being explored applying in other research fields. Gong et al. [338] 
reported that vertically aligned nitrogen-containing carbon nanotubes can act as a metal-free 
electrode in alkaline fuel cells, which presented much better electrocatalytic activity, long-term 
operation stability and tolerance to crossover effect than platinum. Shin et al. [339] reported that 
lithium ions can diffuse through wall defects in N-MWCNTs to occupy a large portion of the 
interwall space as storage regions. They developed N-MWCNTs to improve the Li storage 
capability to 3500 mAh/g with a cycle life of greater than 10 000 times. García-García [340] 
applied N-MWCNTs to support ruthenium catalysts in the ammonia decomposition reaction, and 
they confirmed that catalytic activity of Ru particles was significantly improved when supported 
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on nitrogen doped carbon nanotubes. Lee et al. [341] also reported that carbon hybrid films made 
of vertically aligned N-doped carbon nanotubes grown on mechanically compliant reduced 
graphene films have outstanding flexible field emission properties. Qiao et al. [342] suggested 
that the field emission properties of carbon nanotubes can be enhanced by the doping with 
nitrogen atoms, because this causes a dramatic enhancement of density of states at Fermi level. 
Yao [343] also reported that magnetic metal (e.g. Fe, Co, Ni) nanocrystals encapsulated into 
nitrogen doped carbon nanotubes can be applied as Fenton-like catalysts for organic pollutant 
removal. Therefore, the technologies for N-MWCNTs developed in our work have high a 
potential for the application in other fields of research and development. 
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Appendix A 
The Antoine equation [344] is given by: 
         
 
   
                                                                                                                       (A1) 
where   is the vapor pressure,   is temperature and  ,   and   are component-specific constants. 
For acetonitrile,       ,          ,         ; while for ethanol,       ,   
       ,         . Therefore, the vapor pressures of acetonitrile and ethanol at different 
temperatures can be calculated, which are listed in Table A1. 
  
Table A1: Vapor pressure of acetonitrile and ethanol at different temperatures from 10 to 40 ºC. 
Temperature/ ºC 
Vapor pressure/ mbar 
Acetonitrile Ethanol 
10 58.6 30.83 
15 75.84 42.61 
20 97.03 58.12 
25 122.92 78.27 
30 154.85 104.19 
35 192.70 137.16 
40 237.09 178.69 
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